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INFLUENCE OF EARTHWORMS ON 
 PLANT AND SOIL INVERTEBRATE COMMUNITIES OF THE  
CLEVELAND METROPARKS 
 
ANTON F. SCHERMAIER 
ABSTRACT 
  No native earthworms exist in the Great Lakes region of Ohio. All earthworms 
found in previously glaciated areas of the United States either migrated from unglaciated 
areas or were introduced as a result of human activities such as agriculture and sport 
fishing.  Non-native earthworms may facilitate dramatic changes in structure and function 
of plant and invertebrate communities of forest ecosystems. 
This study examined how the presence of non-native earthworms within the 
Cleveland Metroparks may correspond with plant and soil invertebrate communities.  
Special attention was given to the Asian earthworm, Amynthas spp., a recent arrival to 
northeastern Ohio and a particularly aggressive colonizer.   
Earthworms and leaf litter were sampled at a set of well-characterized study plots. 
Length-based allometric equations available in the literature were applied to measure 
earthworm biomass of most species, and here a new equation for Amynthas was derived.  
A computer-based method was used to measure length and required less time and effort 
and produced values of significantly lower variability than the traditional ruler method. 
Higher abundances and biomasses of earthworms were associated with degraded 
plant communities.  Although decreased litter mass correlated with greater earthworm 
activity, invertebrate communities were not degraded; in fact there appeared to be a 
modest beneficial effect.  Earthworm activity changed soil chemistry as demonstrated by 
selective decreases in soil carbon, nitrogen, and phosphorus.  Soil composition also 
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affected earthworm communities as low pH favored an acid–tolerant species and was 
associated with moderate earthworm densities.  A strong negative interaction between 
abundances of Amynthas and those of other exotic earthworms was found, yet Amynthas 
did not exert a distinctive influence upon plant or invertebrate communities.
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CHAPTER I 
GENERAL INTRODUCTION 
 
1.1 Historical Context 
Earthworms have not been native to the northern temperate forests of North 
America since the end of the Wisconsinan glaciations 12,000 years ago.  Their 
reintroduction began in the 1700‘s with the arrival of European settlers and continues 
today through human activities such as agriculture, sport fishing, road building, and 
recreation (Hale et al. 2004; Hendrix 2006; Cameron et al. 2007).  
Earthworms have long been recognized as beneficial agents in gardens because 
they facilitate soil aeration and turn-over and increase availability of soil nutrients to 
plants (Briones et al. 2011; Eriksen-Hamel & Whalen 2007; Schrader & Seibel 2001; 
Bhadauria & Ramakrishnan 1996).  However, in native forests of the Great Lakes region, 
the effects of invasive earthworms are largely detrimental (Hale et al. 2005; Frelich et al. 
2006).  Non-native earthworms alter foodwebs and degrade plant and invertebrate 
communities; they also change the structure and chemistry of the litter and soil layers of 
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the forest floor (Frelich et al. 2006; González et al. 2003; Bohlen et al. 2004; Dechaine et 
al. 2005; Hale et al. 2005; Holdsworth et al. 2008; Costello & Lamberti 2008).  Long-
term impacts may include successional changes in both forest under- and overstories as 
well increased nutrient loads in the surface water runoff, thus overwhelming the nitrogen 
buffering capacity of riparian zones, ultimately altering the nutrient balances in 
downstream aquatic ecosystems (Costello & Lamberti 2008). 
Non-native earthworms compete with other organisms both directly and 
indirectly.  They compete directly for food (Snyder et al. 2008).  Depending on their 
ecological group, earthworms may consume litterfall or soil organic matter (Ernst et al. 
2009; Sackett et al. 2013) and negatively influence seedling establishment (Asshoff et al. 
2010).  The forest floor food web is highly dependent upon this organic matter as both a 
source of nutrition and environmental stability.  Additionally, the litter serves as a 
nursery for understory plants. 
Once organic material is processed through an earthworm, it is mineralized into a 
highly water soluble form that is easily washed away by normal precipitation.  The 
benefit of nutrient processing in place becomes compromised thereby mobilizing 
nutrients and increasing the riparian nutrient processing burden.  Uncaptured nutrients 
may then enter the watershed to cause additional damage (Burtelow et al. 1997; Costello 
& Lamberti 2008; Howarth 1995). 
Within a forest, the majority of all biological activity happens on the forest floor 
and a healthy forest consists of a thick, protective, multi-year layer of duff which 
provides protection from excessive drying, heat, and cold.  By limiting moisture loss, it 
maintains a high humidity within its layers. 
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Non-native earthworms, namely epigeic and anecic varieties, also compete 
indirectly with other organisms through accelerated leaf litter consumption and thus 
consume the physical environment that other forest floor organisms depend upon.  In 
some cases, excessive litter consumption will leave a forest floor bare, dry, and mineral 
poor. 
 
1.2 Earthworms in Northeastern Ohio 
There are no native earthworms in the Great Lakes region of Ohio, yet due to 
human activity, exotic earthworms are now widespread in northeastern (N.E.) Ohio.  The 
exotic earthworms of N.E. Ohio, as well as the rest of North America, are so-called 
―peregrine‖ species that are able to colonize a broad range of environmental conditions.  
Hence, these worms, originally of European and Asian origin, now occur on every 
continent except Antarctica (Bohlen et al. 2004).  
Although these non-native taxa, such as Lumbricus and Aporrectodea are well-
established, their effects on local forests have received little study and are poorly 
understood.  Previous studies of the ecological impact of exotic earthworms have 
primarily focused on the impacts of earthworms within largely undisturbed forests into 
which earthworms were new arrivals (Hale et al. 2005; Frelich et al. 2006). The focus on 
recent colonization is understandable from the perspective of the need to suppress the 
spread of worms to protect sensitive and high-value forest resources. However, exotic 
earthworms are likely to have been residents of the forests of N.E. Ohio for decades, 
especially those within or near urban areas. Cities are centers of activities that promote 
earthworm introductions (e.g., international commerce, lawn care and gardening), and 
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cities like Cleveland, have been the points of entry for earthworms into the Great Lakes 
region, although actual dates of entry are difficult to discern (Steinberg et al. 2005; 
Szlavecz et al. 2006). Therefore, the forest ecology of N.E. Ohio is likely to represent the 
long-term effects of exotic earthworms.  From this perspective, the study of earthworms 
of N.E. Ohio is of interest, since the ecology of the region‘s forests may provide insight 
into what is in store for locations at which earthworms have only recently arrived, and 
may reveal the extent to which forests adjust to the long-term effects of earthworms.  In 
addition, earthworms have been demonstrated to interact with other stressors in 
urban/suburban forests.  Hence, N.E. Ohio provides opportunities for investigating 
interactions of earthworm invasions with respect to land use history (Szlavecz et al. 2011; 
Frelich et al. 2006), understory damage due to excessive deer browse (Cotè 
2004;Holdsworth et al. 2007; Nuzzo et al. 2009), invasive plant competition (Aronson & 
Handel 2011), and anthropogenic habitat degradation (Matlack 1993).  Furthermore, N.E. 
Ohio may be an especially important location for investigations of exotic earthworms 
because it is currently undergoing the invasion of a particularly aggressive Asian exotic 
earthworm, Amynthas spp., thus providing an opportunity to investigate the invasion 
dynamics of a new arrival into a region where European exotics are already well-
established.  Amynthas is also colonizing some of the remaining forests of N.E. Ohio that 
were devoid of earthworms (B. M. Walton, per. comm.) in the Cuyahoga Valley National 
Park. 
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1.3 Earthworm Ecological Groups 
Earthworms are generally categorized into ecological groups that reflect feeding 
preferences and burrowing behaviors.  Although there is not universal agreement on all 
classifications, three major groups are delineated as follows.  Epigeic earthworms are 
surface dwellers; they both live in and feed on litter and do not burrow significantly.  
Endogeic earthworms are found in the top layers of the soil horizon and consume the 
organic matter contained within; they are known to create superficial burrows that run in 
approximately horizontal directions.  Anecic earthworms tend to be larger than other 
groups; they create permanent vertical burrows that may extend as deeply as two meters, 
yet return to the surface to feed on litter (Hale 2007; Asshoff et al 2010). 
Additional classifications are beginning to come into wider usage to reflect the 
continuum of behaviors observed in specific taxa.  They are epi-endogeic, endo-anecic, 
and epi-anecic.  In each case, earthworms of these subcategories share characteristics of 
both groups.  For example, L. rubellus is classified as an epi-endogeic and is larger than 
typical epigeics; it is often found near the surface yet still burrows in topsoil horizons and 
consumes organic matter like other endogeics.  L. terrestris is another example of a 
mixed group; it is considered an epi-anecic, since as a juvenile, it behaves more like an 
epigeic earthworm, feeding on and dwelling in the litter.  Once mature, its behavior 
reflects that of an anecic species, spending most of its time deep within its burrow, when 
not foraging at the surface (Asshoff et al. 2010; Felten & Emmerling 2009). 
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1.4 The Arrival of Amynthas 
Of great interest is the recent arrival of the Asian earthworm Amynthas; it is a 
particularly aggressive colonizer with a high metabolic and reproductive rate.  
Established populations were first documented in N.E. Ohio forests in 2009 by Nidia 
Arguedas, Conservation Planner with the Cleveland Metroparks (unpublished data), 
though their presence in the landscaped environment was observed since the late 1980s in 
Summit County and early 1990‘s in Lake County (Arguedas 2012, email communication, 
November 13th).  Since Amynthas is a newcomer, its reproductive and feeding strategies 
may be sufficiently novel to allow it to outcompete native or naturalized organisms as 
was documented with other non-native species of earthworms by Tiunov et al. (2006).  
The effects of Amynthas may be especially significant for forests that have experienced 
few earthworm invasions and are likely to have ―at risk‖ native specialist organisms as 
was found in one study in the Great Smoky Mountains National Park where densities of 
Amynthas agrestis suppressed the abundance and diversity of native millipedes (Snyder 
et al. 2008).  In a stand of mature forest at the Smithsonian Environmental Research 
Center, Amynthas hilgendorfi has been shown to have a stronger effect on forest floor 
biogeochemistry than other non-native earthworms (Szlavecz et al. 2011). 
The earthworms in this study that are identified as Amynthas spp., belong to the 
Amynthas hilgendorfi species-complex as established by Blakemore (2003) and are 
hereafter referred to as ―Amynthas spp.‖ or simply ―Amynthas‖, although the two most 
likely representative members are Amynthas hilgendorfi and Amynthas agrestis.  DNA 
barcoding positively identified these two species from collection sites within the 
Cleveland Metroparks (Arguedas 2010).  The taxonomy of Japanese earthworms contains 
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many ambiguities and identification errors that are most likely due to their tendencies 
toward parthenogenetic polymorphism, where some species names are based upon 
degraded morphs (Blakemore 2008). 
 
1.5 Biomass Estimation and Allometry 
Biomass is a relative indicator of the amount of matter and energy that is being 
drawn from an environment by an organism (Begon et al. 2006).  If the biomass of an 
invading community is known, its potential impact can be estimated.  The fresh weight of 
an organism, however, is unreliable as a measure, particularly for earthworms, since their 
water content is highly variable.  Ash-free dry mass (AFDM) is therefore, the preferred 
method of biomass estimation (Hale et al. 2007).  AFDM also has the additional 
advantage of being the approximate equivalent of carbon that is bound within an 
earthworm population.  Unfortunately, AFDM is a laborious and time-consuming process 
wherein the specimen is ultimately destroyed.  Allometry provides a reasonable 
alternative at a fraction of the time and resources and does not require destruction of the 
specimen.  An allometric equation is one that predicts the measurement of one body 
characteristic based upon the actual measurement of another.  In this case, the length of 
an earthworm is used to predict its ash-free dry mass.  To derive this equation, a 
representative sample set is required, where the actual AFDM is known.  Afterward, a 
simple centerline measurement of subsequent specimens produces a reasonably good 
estimate of biomass. 
To date, only a few papers have been published that provide allometric equations 
for biomass estimation of a number of species (Hale et al. 2004; Greiner et al. 2010).  
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Greiner et al. (2010) developed an allometric equation for A. hilgendorfi from a 
population of earthworms collected in southeastern Michigan.  In this thesis, I present an 
allometric equation for biomass estimation of Amynthas, based upon a collection of 
specimens from N.E. Ohio forests that spans a wider range of body lengths.  This 
equation also provided a test for the applicability of allometric equations of Amynthas 
obtained from geographically different populations.  In addition, I developed a computer-
based method for length measurement that uses digital imagery and image analysis 
software.  This method of length measurement is faster and easier than the traditional 
ruler method and has the added benefit that a specimen can be re-measured any number 
of times even after it is no longer physically available.  I also repeated the length 
measurements using the ruler method on a subsample (n=30) of the dataset and present a 
statistical comparison between the two methods.  Both the similarity of means and the 
variability of measurements were examined to demonstrate that the computer-based 
method is capable of producing more consistent, higher quality measures of length. 
 
1.6 Hypotheses 
During the summer of 2010, the Cleveland Metroparks initiated a multi-year Plant 
Community Assessment Program.  They conducted an extensive survey of 108 randomly 
selected study plots within the park system of N.E. Ohio.  The survey included 
parameters such as soil composition, plant habitat quality, and plant community 
composition.  Afterward, 63 of these plots were randomly selected and sampled for both 
earthworms and leaf litter.  This was a unique opportunity to leverage extensive plant 
community data against corresponding earthworm abundance and diversity. 
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The majority of my work focused on characterizing earthworm abundance and 
diversity at those 63 study plots, to determine how they correlated with plant and soil 
invertebrate community composition.  Special attention was given to Amynthas to 
determine if it exerted any measureable effects upon the ecosystems it invaded, and to 
identify those characteristics corresponding to an invasion. 
The central question is:  Do earthworms exert a measurable influence on forest 
ecosystems within the Cleveland Metroparks as indicated by measures of soil chemistry 
and plant and soil invertebrate community composition?  I address this question by 
proposing these five hypotheses:  
1. Higher abundances and/or biomass of non-native earthworms are associated with 
degraded plant communities. 
 
2. Higher abundances and/or biomass of non-native earthworms are associated with 
degraded soil invertebrate communities. 
 
3. Higher abundances and/or biomass of Amynthas are associated with degraded 
plant communities. 
 
4. Higher abundances and/or biomass of Amynthas are associated with degraded soil 
invertebrate communities. 
 
5. Earthworm activity and soil composition mutually influence one another. 
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1.7 The Structure of this Thesis 
This thesis consists of two interconnected themes.  The first focuses on deriving 
an allometric equation for Amynthas to be incorporated into the second theme, that of 
determining the influence of earthworms on plant and invertebrate communities. 
 Chapter II, ALLOMETRY OF AMYNTHAS, is self-contained; it consists of 
methods, results, and discussion.  In addition to the derived equation, I also present a new 
procedure for specimen length determination.  After this chapter, no further references 
are made to allometry or its procedures beyond the equations used for predicting biomass. 
 Chapter III, CLEVELAND METROPARKS COMMUNITY ASSESSMENTS, 
focuses the methods and results used to characterize the influence of earthworms within 
the Cleveland Metroparks.  The methods sections present techniques used to collect data 
and to characterize each community and potential interactions.   The results sections 
follow with community summaries and respective interactions. 
 Chapter IV, DISCUSSION, concludes with my insights on the results from the 
previous chapter. 
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CHAPTER II 
ALLOMETRY OF AMYNTHAS 
 
In this chapter, I describe new procedures for developing allometric equations for 
estimating earthworm biomass and illustrate the use of this procedure for estimating 
AFDM for the invasive earthworm, Amynthas spp. found in N.E. Ohio.  In addition, I 
present analyses of the accuracy and precision of the new method compared to the 
traditional method. 
There are a number of potential sources that contribute to the error of predicted 
AFDM.  One such error originates during length measurement.  Limitations in eye 
discrimination and in measurement tools make manual measurements more prone to error 
as object size decreases.  The ImageJ and ruler methods were compared to determine if 
such limitations exist.  A significant correlation would indicate that the precision of a 
given method was limited by the size of the specimen. 
Another possible source of length error may be the degree of curviness (sinuosity) 
of a specimen.  This could be expected since the centerline of a perfectly straight 
specimen is much easier to determine than one that sharply curved.  I quantify specimen-
sinuosity and test for a relationship with the magnitude of predicted AFDM error. 
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2.1 Methods 
A set of 160 preserved earthworms were used for the allometry study.  The 
earthworms were collected from N.E. Ohio forests managed by Cleveland Metroparks 
during 2009 and identified as members of the Amynthas hilgendorfi species-complex.  
Specimens were set in 10% formalin for a minimum of 24 hours then transferred to 80% 
isopropanol for long-term storage.  
Earthworm specimens were photographed using a Canon EOS Digital Rebel XT 
camera body and an EF-S18-55mm f3.5-5.6 lens.  Images were stored as 12 megapixel, 
monochrome, high-resolution data files.  Files were subsequently transferred to a 
computer system installed with ImageJ (v1.42q) image analysis software that was 
downloaded from http://imagej.nih.gov/ij/.  Length measurements were made for each 
specimen using its corresponding digital image.  The process was similar to the ruler 
method except that with ImageJ, the image was typically magnified to 12 times its 
original size and then measured using a 2 µm resolution virtual ruler by clicking down a 
series of line segments along the centerline to yield the total length.  Just as the total 
length of 3 line segments used to approximate an arc will be shorter than 12  line 
segments used to approximate the same arc, a better approximation of centerline length is 
accomplished  using shorter, more numerous segments (Fig. 1). This is especially true 
when measuring a specimen that has sharp curves along its length. 
Each individual was measured three times and the mean taken.  Individuals were 
placed in a drying oven for a minimum of 48 hours at 65 ˚C.  Upon removal, dry weights 
were immediately recorded (± 0.1 mg).  Dried individuals were placed in ceramic 
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crucibles and ashed at 500˚C for a minimum of 4 hours then removed and cooled in a 
desiccator.  Subsequent ash weights were recorded.  Ash-free dry mass (AFDM) was 
determined by subtracting ash mass from dry mass for each individual to yield a 
standardized mass of organic matter per individual. 
 
 
 
Figure 1.  Arc Approximation Comparisons.  The top arc is approximated by 3 line segments.  Its 
reproduction is a crude representation and obviously shorter than the original.  The bottom arc is 
approximated by 12 line segments.  Its reproduction is a significant improvement over the 3 segment arc 
and is also slightly longer since it is a more faithful approximation. 
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2.1.1 ImageJ Verification 
 I compared the performance of ImageJ-based length measurements to the standard 
method of length measurement using a ruler.  A subset of individuals was selected to be 
re-measured using the ruler method.  Selection of individuals proceeded as follows.  The 
span between the shortest and longest individuals (n=160) was divided into three equal 
ranges, designated as small, medium, and large.  Ten individuals were randomly selected 
from each of the size ranges (Appendix C) using random numbers generated by 
random.org.  To ascertain whether ImageJ yielded comparable results, the sub-sampled 
individuals (n=30) were measured with a ruler along the centerline and recorded to the 
nearest 0.5 mm.  Each individual was measured three times and the mean taken. 
 
2.1.2 Statistics 
Microsoft Excel 2007, version 12.0.4518.1014, was used to perform all t-tests and 
regressions.  Systat MYSTAT 12 for Windows, version 12.02.00, was used for all 
Pearson correlations. 
Ordinary least squares regression was performed for overall length vs. AFDM.  
Predicted AFDM‘s were calculated for the ―Schermaier‖ equation (presented in section 
2.2) using both ImageJ and ruler methods along with the equation published by Greiner et 
al. (2010): 
 
 , 
     R
2
 = 0.85 
Two-tailed t-tests and percent errors were calculated for comparisons between 
actual and predicted values (Schermaier equation using ImageJ method, Schermaier 
  
 15  
 
equation using ruler method, and Greiner equation using ruler method).  Percent error 
was calculated as follows: 
 
A Pearson correlation was performed for both ImageJ and ruler methods for mean 
lengths and coefficients of variation (C.V.) to determine if the specimen size was related 
to the variability of its measured length. 
The formula for sinuosity index was adapted to earthworm specimens: 
 
A Pearson correlation was performed on sinuosity vs. the percent error for ImageJ 
Predicted AFDM to test for a relationship.   
 
2.2 Results 
Overall length, dry mass, ash, and AFDM values are summarized in Table I. 
Figure 2 represents the allometric equation (subsequently referred to as the Schermaier 
equation) relating overall length to AFDM of Amynthas spp. from N.E. Ohio. 
The ruler method produced a length that was an average of 3.4% less than the 
ImageJ method.  Predicted AFDM‘s were determined using the Schermaier equation for 
both ruler and ImageJ length measurements and subsequent percent errors calculated.  
The ImageJ method (-0.2% error) was better than the ruler method (7.5% error) at 
predicting AFDM across the entire sample.   
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Table I:  AFDM Determination Using ImageJ Method.  Following equations determined using ordinary 
least squares method. 
   Mean S.E. Min Max    
Length (mm)  58.8  2.5 13.3  145.7 
 
 
Dry mass (mg) 225.8 22.7  1.7 1127.4 
 
 
Ash mass (mg) 131.5 14.8  0.2  760.5 
 
 
AFDM (mg)  94.3  8.2  1.0  469.7    
N=160 
     
 
 
Table II:  Subsample Comparison of ImageJ vs. Ruler Methods.  P-Values are for two-tailed t-tests 
between ImageJ and ruler methods for quantities of length and C.V.  
  ImageJ Method Ruler Method   
  Mean S.E. Min Max Mean S.E. Min Max P 
Length (mm) 63.4 5.5 20.6 109.1 61.4 5.4 19.3 105.5 0.8 
C.V. 0.003 0.0002 0.001 0.006 0.013 0.0019 0 0.035 <0.001 
N=30 of 160 
          
 
Table III:  Subsample Comparison of Actual vs. Predicted AFDM's.  P-values determined using two-
tailed t-tests between actual AFDM and each of the predicted AFDM‘s.  The Schermaier and Greiner 
equations are being compared to establish that they are comparable.  The ImageJ and ruler methods are 
being compared to determine if the two techniques for ascertaining length are equivalent.  The intent is to 
establish that the Schermaier / ImageJ combination is at least as precise and accurate as the alternatives. 
  AFDM (mg) 
    Mean S.E. Min Max P   
Actual 108.7 18.7 6.6 320.6 
  Schermaier / ImageJ Method, Predicted 104.5 17.1 5.3 280.0 0.87 
 Schermaier / Ruler Method, Predicted  97.2 15.9 4.5 258.5 0.64 
 Greiner / ImageJ Method, Predicted 128.0 21.3 5.7 349.9 0.50   
N=30 of 160 
       
The mean lengths obtained with ImageJ did not differ significantly from lengths 
measured using a ruler (Table II).  However, lengths obtained by ruler were much more 
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variable than those obtained with ImageJ (Table II).  The coefficient of variation (C.V.) 
for ruler measures was 5-fold greater than the C.V. for ImageJ length measures. 
For the ruler method, length and C.V. are related (r=-0.61, P=0.001) but not for 
the ImageJ method (r=-0.17, P=0.36).  This reveals that the precision the ImageJ method 
is not significantly affected by specimen size (Fig. 3). 
The curviness of a specimen does not appear to contribute to length error when 
using the ImageJ method since a correlation between sinuosity and percent error of 
predicted AFDM produced no significant relationship (r=0.09, P=0.63). 
Each predicted AFDM (Schermaier/ImageJ method, Schermaier/ruler method, 
and Greiner/ImageJ method) was compared to the actual AFDM using a t-test; no 
significant differences were found (Table III).   
 
 
Figure 2.  Ordinary Least Squares Regression for Amynthas spp.  The trendline represents the 
allometric relationship between earthworm length and its corresponding biomass. 
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2.3 Discussion 
Figure 2 represents the resultant allometric relationship between overall length 
and AFDM.  The predictive power for this dataset, as represented by R
2
 (the coefficient 
of determination) is very good, indicating that nearly 96% of the variation can be 
explained by the statistical model.  This suggests that the equation will be highly 
applicable to subsequent sample populations of Amynthas spp. that are derived from 
comparable environments.  Using the Schermaier equation to predict AFDM yields a 
mean error of -4.1%. 
Although any individual prediction is susceptible to error, a sufficiently large 
sample set is likely to produce a very reasonable estimate of AFDM for Amynthas spp.  
 
Figure 3.  Regression Comparing ImageJ and Ruler Methods.  Ordinary least squares 
regression.  The horizontal line of the ImageJ method indicates no relationship between 
specimen size and variability in the measures of length.  The declining line of the ruler method 
indicates that length variability decreases as specimen size increases. 
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Applying the Greiner equation to the same study population yields a mean error of -
21.7%. 
Table III demonstrates that there are no statistically significant differences 
between the Schermaier and Greiner equations or the ImageJ and ruler methods.  This 
verifies that both the Schermaier and Greiner equations are comparable for 
geographically separate Amynthas populations.  It also confirms that length measurement 
using ImageJ is a suitable alternative to the ruler method. 
Although sinuosity does not appear to contribute to length errors, death and 
preservation may still be a source of error.  For example, the proboscis is sometimes 
fixed while fully extended in some individuals, whereas, it is contracted in others.  
Similarly, various regions along the length of an earthworm might also be non-uniformly 
relaxed or contracted, thus causing some fraction of error in the allometric relationship. 
 The ruler method produced consistently shorter and more variable measures of 
length than did the ImageJ method.  One factor that contributed to this was that the 
measuring tool used by ImageJ was of a higher resolution (2 µm vs. 500 µm for the ruler 
method); another factor was that the effective specimen size was much larger due to 
image magnification, thus permitting shorter line segments to be used to measure overall 
length.  
Note that in 23 out of 30 samples, the predicted AFDM‘s were closer to each 
other in value than they were to the actual AFDM (Fig. 4).  This suggests that the two 
length measurement methods were not only reliable and comparable but that the error 
was caused by a variation in AFDM that was not accounted for in the actual AFDM 
determination.  
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Figure 4.  Comparison of Actual and Predicted AFDM's for ImageJ and Ruler Methods.  Actual 
AFDM refers to values determined through ash-free dry mass determination. The Schermaier Predicted 
AFDM‘s are estimated values of AFDM using the Schermaier allometric equation.  In one case, 
lengths determined using the Image-J method were used as inputs to the allometric equation, in the 
other, ruler-based lengths were used. 
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Table IV:  Feature Comparison between ImageJ and Ruler Methods.  Maximum resolution is a 
function of the original magnification of the camera lens.  Greater image resolution is possible using a lens 
with higher magnification. 
  ImageJ Method Ruler Method 
Required Equipment 
Digital camera, stand, lighting, 
computer, ImageJ, labels, and ruler 
Ruler, specimen probes 
Setup 
Moderate: requires camera setup, 
photographing, and transfer to 
computer 
None, though may use 
dissecting scope 
Measurement 
Quick and easy since measuring is 
done using a pointing device and a 
magnified specimen image; 
minimal handling of specimen (only 
when photographing) 
Time-consuming and 
laborious; accuracy may 
suffer due to worker fatigue; 
specimen subject to drying 
and mechanical damage. 
Longer worker exposure to 
chemical preservatives 
Re-measurability 
Unlimited: multiple digital copies 
of specimen may be stored and 
distributed 
Only possible if original 
specimen is still available 
and intact 
Maximum Image 
Magnification 
60 : 1 1 : 1 
**Maximum 
Resolution 
2 µm 500 µm 
Length Stability: 
Mean C.V. 
0.00262 0.0131 
Applicability 
Especially good for large datasets 
or where high archival integrity is 
desired 
Best for small or ad hoc 
measurements or when 
specialized equipment is not 
available 
      
 
Gut contents are the most likely source of error between actual and predicted 
values, and may also account for disagreement between the equations, since they were 
derived from different sample populations.  Studies reveal that the contents of an 
earthworm‘s gut can constitute as much as 20% of its AFDM (Edwards & Bohlen 1996; 
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Lee 1985).  Therefore soil composition and feeding state exerts a direct influence upon 
AFDM through the quantity of non-organismal carbon contributed by the gut.  Although 
not performed for this study, gut flushing prior to drying has been proposed as a method 
to minimize this source of variation (Hale et al. 2004).   
I propose that the ImageJ method of specimen measurement be an addition to, not 
a replacement for, the ruler method.  There are situations where either method may be 
more appropriate, Table IV. 
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CHAPTER III 
CLEVELAND METROPARKS COMMUNITY ASSESSMENTS 
 
3.1 Methods 
The Cleveland Metroparks launched a long-term vegetation monitoring program 
during the summer of 2010 to develop a baseline dataset of terrestrial natural resources.  
The Plant Community Assessment Program (PCAP) was based upon hundreds of 
randomly selected geographic locations distributed throughout the Cleveland Metroparks 
holdings at which study quadrats were established for quantification of a standardized 
suite of plant community and soil measures. During the first year of the PCAP, park 
technicians surveyed 108 plots distributed among 14 park reservations. 
 
3.1.1 Plant Community and Soil Assessments 
 Once Cleveland Metroparks personnel completed the plant community 
assessments for the initial 108 plots, they assisted me in sampling earthworms and litter 
from a subset of these plots.  This sampling was performed between September and 
October of 2010, where 63 of the 108 plots were randomly selected and sampled (Fig. 5). 
Plant community data provided by the Cleveland Metroparks was used to evaluate the 
interactions between earthworms and plant community structure and quality. Plant 
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community measures used in this thesis were: percent coverage by sensitive plants, 
percent coverage by tolerant plants, percent bare ground, and Floristic Quality 
Assessment Index (FQAI), an aggregated index of plant habitat quality. 
Standard measures of diversity, such as Shannon-Weiner Diversity Index, cannot 
discriminate between disturbed and healthy communities, whereas FQAI is calibrated to 
local native plant communities to provide a measure of the quality of a given plant 
community based upon the taxa identified and the area each covers (Andreas et al. 2004).  
It is therefore suitable for quantifying ecological disturbances as well as diversity 
(Andreas et al. 2004). 
Soil composition was also analyzed as part of the PCAP.  Measures that were of 
particular interest included total carbon, total nitrogen, organic matter, and pH, since they 
can affect and be affected by earthworm activity (Addison 2009; Sackett et al. 2013; 
Eisenhauer et al. 2000; Edwards & Bohlen 1996).  The following measures were obtained 
from the PCAP data to test for interactions with earthworm activity: total carbon (%), 
total nitrogen (%), organic matter (%), pH, phosphorus Bray-P1 (ppm), phosphorus Bray-
P2 (ppm), potassium (ppm), magnesium (ppm), and calcium (ppm).  Soil plot data were 
grouped by presence or absence of earthworms to identify those characteristics that 
potentially either deter or facilitate colonization.  Such grouping could also capture soil 
characteristics that changed in the presence of earthworm activity. 
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Figure 5. PCAP Plot Locations for Earthworm and Litter Samples.  By study plot ID. 
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3.1.2 Earthworm Sampling 
At each plot, the study area was typically organized into a 2 x 5 grid of 0.1 
hectare modules (10 m x 10 m) where the centerline was oriented to keep the plots within 
the same plant community (Fig. 6).  Four of the ten modules (02, 03, 08, and 09) were 
more intensively studied; these were the modules where earthworm and litter sampling 
was performed.  At each plot, litter was only collected from one of the intensive modules; 
this was typically the lowest numbered one (02).  Some plots could not be laid out with 
the standard 2 x 5 grid due to topographic limitations such as an intervening cliff or river.  
In such cases, a smaller grid was used to accommodate the circumstances.  
 
 
Figure 6.  Typical PCAP Plot Module Layout.  Wherever study plots were large enough to accommodate 
a 2 x 5 grid, intensively studied modules were always assigned to modules 02, 03, 08, and 09 for 
consistency. 
 
 Each of the four intensive modules was sampled for earthworms using a ⅓ meter 
frame constructed from PVC pipe.  The location within a module was randomly selected 
by tossing the square over one‘s shoulder into the perimeter of the module.  Collection 
was performed wherever the square landed.  In the event that an obstruction such as a 
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large branch or rock prevented effective sampling, the square was repositioned to the 
nearest adjacent suitable location. 
Earthworms were collected using the mustard extraction method (Hale, 2007).  I 
prepared a solution of 10 grams regular yellow mustard powder (purchased at 
penzeys.com) per liter of water.  Since it was impractical to transport as much as 32 
gallons of solution into the field, a concentrated premix was prepared.  On the day prior 
to collection, 453 grams of dry mustard powder were placed into a container and filled 
with warm water to the volume of one gallon (3.79 liters).  The contents were shaken 
until reasonably mixed then refrigerated until the following day.  Once in the field, the 
concentrate was shaken again prior to use.  The quantity of 355 milliliters of concentrate 
was poured into an empty container and then filled with water to the volume of one 
gallon (3.79 liters).  This dilution yielded a mixture with a mustard concentration of 
approximately 10 g / L. 
The top layer of litter or grass was removed so that only bare ground remained.  
Approximately 4 liters of liquid mustard mix was poured slowly over the sample area.  
All earthworms that emerged within the area during 10 minutes were collected.  
Specimens were fixed in 10% formalin within 24 hours of collection for at least 24 hours 
and then transferred to ethanol for long-term storage. 
  During the first several collections, 90% isopropyl alcohol was used to 
anesthetize and transport the earthworms since it was readily available, but I found that 
the preserved specimens lost noticeable water content and suffered in quality, so I 
switched to 95% ethanol for subsequent sample collections.  Specimens were fixed in 
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10% formalin within 24 hours of collection for at least 24 hours and then transferred to 
ethanol for long-term storage. 
Earthworm specimens were wet-weighed to 0.1 mg then photographed using a 
Canon EOS Digital Rebel XT camera body and an EF-S18-55mm f3.5-5.6 lens.  Images 
were stored as 12 megapixel, color, high-resolution data files.  Files were transferred to a 
computer system installed with ImageJ (v1.42q) image analysis software that was 
downloaded from http://imagej.nih.gov/ij/. Length measurements were made along the 
centerline for each specimen using its corresponding digital image.  Each individual was 
measured three times and the mean taken.  The images were converted to digital 
negatives at the time of measurement to sharpen the specimen boundaries and to facilitate 
speedier measurements (Fig.7). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Color Negative Digital Image of Earthworm Specimen. Adult endogeic species, 
Octolasion tyrtaeum; length: 43mm; wet weight: 462mg. 
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Each sample was identified to genus or, if sexually mature, to species, using a 
dissecting microscope and an earthworm identification guide (Hale 2007; Appendix F; 
Appendix N).  One of the features used to identify earthworm species is the arrangement 
of setae patterns, tiny bristle-like projections used for locomotion.  These landmarks can 
often be difficult to discern, especially for small individuals.  I found that illumination 
with an ultraviolet light causes the bristles to fluoresce, making identification much 
easier. 
AFDM was estimated for each individual using the Schermaier equation and other 
previously published equations (Hale et al. 2004; Greiner et al. 2010; Appendix B).  
Corresponding biomasses by genus, species, and community as well as plot biodiversity 
and relative earthworm densities were then determined. 
Sample collection occurred between September 20, 2010 and October 15, 2010.  
The weather conditions for the first two weeks of collection were uncommonly hot and 
dry.  We (Cleveland Metroparks personnel and I) suspected that such conditions might 
have been suppressing the sample counts below typical field conditions.  Two plots were 
therefore re-sampled (1025 and 1072) in an attempt to establish more representative 
levels.  For any given plot visit, 4 samples were taken and averaged.  To remain 
consistent with this strategy I chose to average the values from the first and second visits 
rather than simply replacing the original data.  Within the dataset, the plots were 
identified as 1025M and 1072M, respectively, to indicate that they consisted of merged 
values. 
Of the 922 individuals originally collected, 16 were excluded from the dataset for 
a number of reasons.  The majority of exclusions, numbering 11, were actually 
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earthworm fragments; even if the genus or species could have been identified, the 
biomass would still have been indeterminate.  The reason for partial earthworm samples 
was most likely due to the zeal of collectors trying to capture earthworms that were intent 
upon escaping.  An additional 3 individuals were not earthworms at all.  One individual 
was a perfect specimen but had been inadequately labeled and could not be placed.  The 
final excluded sample was lost before it could be processed.  It was a tiny individual that 
accidentally shot across the lab from the end of a teasing needle and could not be located. 
I performed analyses of both earthworm abundance and biomass using specimens 
that were grouped either by genus or by ecological group.  Although genus grouping is 
expedient and more mathematically precise, it fails to quantify the effects of earthworms 
in terms of ecological behavior.  The difficulty with using ecological groups is that L. 
rubellus and L. terrestris, while of the same genus, belong to different groups yet are 
physically indistinguishable as juveniles.  This potentially confounds any analysis based 
upon ecological groups.  In a study by Asshoff et al. (2010), L. terrestris juveniles 
behaved as epigeic earthworms.  For their study, hatchlings (fresh body weight < 0.5g) 
were treated as epigeics. 
Using the simplified classifications of epigeic, endogeic, and anecic, I grouped all 
L. rubellus adults as well as all Lumbricus juveniles as epigeics.  Only L. terrestris adults 
were classified as anecic (Table V).  Admittedly, a number of the Lumbricus juveniles 
identified in my dataset were significantly larger than 0.5 g and were therefore engaging 
in some burrowing activities not indicative of epigeics, yet both epigeic and anecic 
earthworms consume litter.  One of the major differences between them is that anecic 
earthworms are potent translocators of organic matter and mineral soils within the soil 
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horizon; epigeic earthworms have little direct effect on soil.  By using this categorization, 
I expected that the influence of epigeic earthworms on litter consumption could be 
overestimated, whereas that of anecic earthworms could be underestimated.  
Additionally, any potential soil-mixing and soil chemistry changes caused by L. terrestris 
juveniles would be attributed to either epigeic or endogeic categories.  In summary, the 
desired interactions would be captured; however, their attribution to L. terrestris would 
likely be underestimated. 
 
Table V: Earthworm Ecological Groups.  The ―Native Ecological Group‖ refers to how earthworm 
species are often identified in published papers.  ―Grouping for Analysis‖ is how the taxa were organized to 
facilitate analysis based on ecological influence. 
Expanded Ecological Groups 
 
Basic Ecological Groups 
 
Epigeic 
Dendrobaena octaedra 
 
Epigeic 
Dendrobaena octaedra  
Dendrodrilus rubidus 
 
Dendrodrilus rubidus  
Eisenia fetida 
 
Eisenia fetida  
Epi-endogeic 
Lumbricus rubellus 
 
Lumbricus rubellus adults  
Amynthas spp. 
 
Lumbricus juveniles  
Endogeic 
Aporrectodea calignosa 
 
Amynthas spp.  
Aporrectodea rosea 
 
Endogeic 
Aporrectodea calignosa  
Octolasion cyaneum 
 
Aporrectodea rosea  
Octolasion tyrtaeum 
 
Octolasion cyaneum  
Endo-anecic Aporrectodea longa 
 
Octolasion tyrtaeum  
Epi-anecic Lumbricus terrestris 
 
Aporrectodea longa  
   
Anecic Lumbricus terrestris adults  
 
 
3.1.3 Invertebrate Community Quantification 
Leaf litter collection was performed just prior to earthworm extraction.  All litter 
found within the ⅓ meter PVC frame was collected down to bare ground and placed in a 
large Ziploc bag.  Litter was collected from only one of the intensive modules at each 
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plot, typically the lowest numbered module (02).  Sample bags were labeled on their 
exteriors or with a label placed inside the bag. 
 The total wet weight of the sample was recorded.  A portion of each sample was 
sub-sampled, weighed, and placed in a Berlese extractor until the litter was completely 
dry, but always for a minimum of 36 hours.  Specimens were stored in 95% ethanol.  
Dried litter was promptly reweighed to determine percent moisture and dry mass of each 
sample. 
Invertebrates were counted and identified using a dissecting microscope and 
identification guides.  Specimens were classified to the most specific taxonomic level 
possible, typically family or order.  Data collected included abundance (m
-2
), species 
richness (S), Shannon-Weiner Diversity Index (H'), and evenness (E): 
 
 
In previous studies, microarthropods, particularly the taxa of Acari and 
Collembola, were most heavily influenced by earthworm activity (Eisenhauer, 2010; 
Cameron et al. 2013; González et al. 2003) I therefore calculated species richness and 
diversity indices (Figure 9) where specimens were grouped at the taxonomic level of 
Order to pool the significance of potential effects.  I also determined diversity using 
morphospecies without grouping taxa, but values did not differ significantly from those 
shown in Figure 9. 
Finally, I tested abundance (m
-2
) against both dry litter mass (g/m
2
) and Evenness 
using Pearson correlation.  Since litter mass may depend upon the intensity of earthworm 
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foraging, only plots (N=49) containing both earthworms and litter were included in the 
correlations.  Plots 1011, 1045, 1063, 1064, and AT02 contained earthworms but no 
litter, whereas plots 1009, 1014, 1038, 1053, 1074, 1136, 1376, 3484, and 3737 contained 
litter but no earthworms. 
 
3.1.4 Statistical Analyses 
Microsoft Excel 2007, version 12.0.4518.1014, was used to calculate all ordinary 
least squares regressions and t-tests. Systat MYSTAT 12 for Windows, version 12.02.00, 
was used for all Pearson correlations. 
The data for all correlations, regressions, or t-tests were transformed as follows, 
unless otherwise specified.  All proportions and percentages were arcsine square root 
transformed to stabilize the variance with respect to the mean; for statistical tests, FQAI 
was divided by 100 and treated as a percentage.  Logarithmic functions such as pH were 
not transformed.  All other quantities such as mass, length and abundance were natural 
log transformed to establish log-normal distributions. 
 
3.1.4.1 Earthworm – Plant Interactions 
Both abundance (m
-2
) and biomass (AFDM mg/m
2
) for all earthworm genera 
(Aporrectodea, Dendrobaena, Dendrodrilus, Eisenia, Lumbricus, Octolasion, and 
Amynthas) were tested against plant community metrics (FQAI, Sensitive Plants, 
Tolerant Plants, and Bare Ground) using Pearson correlations.  In a similar manner, 
earthworm biomass by ecological group (Epigeic, Endogeic, and Anecic) was tested 
against the same plant community metrics. 
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3.1.4.2 Earthworm – Invertebrate – Litter Interactions 
Analysis of these interactions includes a number of permutations.  First, 
abundance (m
-2
) and biomass (AFDM mg/m
2
) for all previously listed earthworm genera 
were set against aggregated invertebrate community metrics (Abundance and Evenness) 
using Pearson correlations.  I chose not to include diversity (H') in the analysis since 
Evenness provides better insight into the equitability of resource use within the 
invertebrate community and a degraded community is likely to display more unevenness 
than one that is intact.  Dry litter mass (g/m
2
) was then compared against earthworm 
abundance and biomass by genus as well as earthworm biomass by ecological group, as 
previously listed. 
Finally, the top five most numerous invertebrate orders in the dataset (Acari, 
Arachnida, Coleoptera, Collembola, Hymenoptera) were tested, by abundance, against 
both the abundance and biomass of earthworms that were grouped by genus, using 
Pearson correlations. In the same way, the above invertebrate orders were also tested 
against earthworm biomass, sorted by ecological group.  
 
3.1.4.3 Earthworm – Earthworm Interactions 
All genera of earthworms, as listed above, were tested for interactions with one 
another, first by abundance and then by biomass, using Pearson correlations.  This testing 
was repeated with earthworms sorted by ecological group but only for biomass. 
Earthworm abundances by genus were compared between plots containing 
Amynthas (N=12) and those containing other earthworms (N=42), using a t-test assuming 
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unequal variances.  A similar set of comparisons was performed for plots containing 
Dendrobaena (N=12) and those containing other earthworms (N=42). 
The final analysis for this section examined Abundance vs. Biomass at plots 
containing Amynthas and those containing other earthworms, using ordinary least squares 
regressions, where trendlines and R
2
 values were determined. 
 
3.1.4.4 Earthworm – Soil Interactions 
Earthworm abundance and biomass by both genus and ecological group were 
tested against all soil parameters (total carbon, total nitrogen, organic matter, phosphorus 
Bray-P1, phosphorus Bray-P2, potassium, calcium, magnesium, and pH), using Pearson 
correlations. 
Plots were also sorted by those containing earthworms (N=54) and those without 
(N=9); all soil parameters were then compared using a t-test assuming unequal variances.  
The same testing was also performed for plots containing Amynthas (N=12) and those 
containing other earthworms (N=42).  In an additional grouping, plots containing 
Dendrobaena (N=12) were compared with respect to pH, to those containing other 
earthworms (N=42) and using the same t-test assumptions. 
Finally, soil magnesium (ppm) vs. soil pH was examined for plots containing 
earthworms and those without, using ordinary least squares regressions, where trendlines 
and their R
2
 values were determined. 
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3.2 Results 
The following sections present data that characterize plant, invertebrate, and 
earthworm communities as well as dry litter mass and soil composition.  Subsequently, 
these data are analyzed for significant relationships. 
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3.2.1 Plant Communities 
Figure 8 illustrates the ranges of the habitat characteristics that were determined at 
the sample plots.  Note that for earthworm – plant community interactions, only those 
plots (N=54) providing earthworm data were tested. 
 
Figure 8.  Plant Community Characteristics. The above selected plant characteristics represent the 
spread of values across all plots (N=63).  The following four plant community characteristics were reported 
for each plot: FQAI (Floristic Quality Assessment Index), Sensitive Plant Coverage (%), Tolerant Plant 
Coverage (%), and Bare Ground Coverage (%). 
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3.2.2 Invertebrate Communities 
Of the 63 study plots visited, 58 were successfully sampled for leaf litter and 
subsequently produced invertebrate data.  Figure 9 presents the ranges of abundance and 
diversity calculations across the study plots.  All plots that produced usable litter also 
yielded invertebrate specimens. 
 
 
Figure 9.  Invertebrate Community Characteristics.  Invertebrate Abundance, Shannon-Weiner 
Diversity Index, Maximum Diversity, Evenness, and Species Richness are based upon specimens grouped 
at the taxonomic level of Order.  The above measures represent the spread of values across plots (N=58) 
tested for earthworm-invertebrate interactions.  The Species Richness bar graph illustrates the frequency of 
richness across the tested plots. 
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Five of the plots (1011, 1045, 1063, 1064, and AT02) did not produce 
invertebrate data.  At four plots, the sample site was already bare, so litter was not 
available for collection.  The remaining plot did produce litter; however, the sampling 
bag was not identifiable due to inadequate labeling measures, so it is not known from 
which of the five it came.  
 
3.2.3 Earthworm Communities 
Earthworms were collected from 55 of the 63 plots sampled; no earthworms were 
found at plots 1009, 1014, 1038, 1053, 1136, 1376, 3484, and 3737.  Although plot 1074 
was counted as having yielded earthworms, it produced a single specimen fragment and 
therefore, no usable data. 
Of the 922 individuals collected, 906 were complete, usable earthworm 
specimens.  The average abundance per plot was 38/m
2
 with a maximum of 164/m
2
 (Fig. 
10).  Note the substantial range of variation across the dataset, where 17% of the plots 
(N=9) accounted for 62% of the total AFDM, whereas 19% of the plots (N=10) 
accounted for 57% of the total abundance. 
Seven genera of earthworms were collected.  Lumbricus was the most numerous 
and also had the greatest biomass.  Aporrectodea and Amynthas were the next most 
numerous, respectively.  Although Aporrectodea was substantially more abundant than 
Amynthas, Amynthas had a slightly greater biomass, indicating that Amynthas was 
generally a larger genus of earthworm (Table VI: a1, a2). 
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Figure 10.  Relative Earthworm Abundance and Biomass by Plot ID.  Abundance (individuals/m
2
) and 
Biomass (AFDM mg/m
2
) were determined for each plot.  Blue bars represent the percent contribution of 
earthworm abundance with respect to all plots containing earthworms.  Red bars represent the percent 
contribution of earthworm biomass with respect to all plots containing earthworms.  For example, if all red 
bars were stacked together, it would equal 100% of estimated earthworm biomass over all plots containing 
earthworms. 
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Table VI: Earthworms of the Cleveland Metroparks. 
 
a1) Specimen Summary by Genus.  Values are in terms of the plots where each genus was found.  
―Presence in Plots‖ indicates the number of plots where a given genus was found.  The corresponding 
percentages do not equal 100% since occurrences of genera among plots are rarely mutually exclusive; the 
appearance of one or more different genus at any single plot is a common event. 
Genus 
Specimen 
Presence 
In Plots Average Total Biomass 
 
C
o
u
n
t 
% 
C
o
u
n
t 
% 
W
e
t 
W
t.
 
(m
g)
 
Le
n
gt
h
 
(m
m
) 
A
FD
M
 
(m
g)
 
A
FD
M
 
(m
g)
 
% 
  
Aporrectodea 346  38.2 31  57.4 145.5  29.3  19.6  6790.7  22.7   
Dendrobaena  33   3.6 12  22.2  23.1  14.8   4.2   137.2   0.5   
Dendrodrilus  14   1.5  5   9.3  98.7  16.6   5.6    78.7   0.3   
Eisenia   1   0.1  1   1.9 273.5  15.4   6.2     6.2   0.0   
Lumbricus 380  41.9 38  70.4 239.2  31.0  38.9 14766.1  49.4   
Octolasion  50   5.5 24  44.4 170.8  27.4  19.4   969.5   3.2   
Amynthas  82   9.1 12  22.2 887.5  62.6  87.2  7148.1  23.9   
All Genera 906 100.0 54 
 
262.6  28.2  25.9 29896.5 100.0   
 
a2) Abundance and Biomass (m
-2
) by Genus.  This is a continuation of the above table (a1). 
Genus 
Abundance  (m-2) Biomass  (AFDM mg/m2)   
M
e
an
 
S.
E.
 
M
in
 
M
ax
 
M
e
an
 
S.
E.
 
M
in
 
M
ax
 
 
Aporrectodea 25.9 5.8 2.3 110.3 491.4 176.1 3.0 3969.6 
 Dendrobaena 7.0 1.9 1.1 22.5 36.9 19.0 1.1 235.5 
 Dendrodrilus 6.3 2.5 2.3 13.5 35.4 15.4 5.4 92.0 
 Eisenia 2.3 n/a 2.3 2.3 13.9 n/a 13.9 13.9 
 Lumbricus 22.0 3.3 2.3 78.8 899.5 206.8 2.9 5943.6 
 Octolasion 4.5 0.7 2.3 15.8 90.1 22.4 0.8 440.3 
 Amynthas 15.4 3.7 2.3 42.8 1341.9 480.8 78.9 6215.5 
 All Genera 38.0 5.7 2.3 164.3 1265.1 244.1 1.1 7606.1   
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Table VI: Earthworms of the Cleveland Metroparks (continued). 
b1) Specimen Summary of Adults by Species.  Values are in terms of the plots where each adult was 
found.  ―Presence in Plots‖ indicates the number of plots where a given species was found.  The 
corresponding percentages do not equal 100% since occurrences of species among plots are rarely mutually 
exclusive; the appearance of one or more different species at any single plot is a common event. 
Genus 
Individual 
Presence 
in Plots Average Total Biomass   
C
o
u
n
t 
% 
C
o
u
n
t 
% 
W
e
t 
W
t.
 
(m
g)
 
Le
n
gt
h
 
(m
m
) 
A
FD
M
 
(m
g)
 
A
FD
M
 
(m
g)
 
% 
 A. calignosa  32  13.8  5  10.9 524.1  59.7  66.5  2127.5  11.9 
 A. longa   1   0.4  1   2.2 444.8  63.1  71.8    71.8   0.4 
 A. rosea   1   0.4  1   2.2 133.1  31.8  16.2    16.2   0.1 
 D. octaedra  33  14.2 11  23.9  23.1  14.8   4.2   137.2   0.8 
 D. rubidus  14   6.0  5  10.9  46.7  16.6   5.6    78.7   0.4 
 E. fetida   1   0.4  1   2.2  43.2  15.4   6.2     6.2   0.0 
 L. rubellus  28  12.1 17  37.0 333.2  39.6  47.2  1321.3   7.4 
 L. terrestris  19   8.2  8  17.4 2010.0  99.0 324.5  6166.2  34.6 
 O.cyaneum   2   0.9  2   4.3 140.0  32.5  19.8    39.6   0.2 
 O. tyrtaeum  19   8.2 12  26.1 321.0  39.6  38.1   723.2   4.1 
 Amynthas spp.  82  35.3 12  26.1 895.2  62.6  87.2  7148.1  40.1 
 All Adults 232 100.0 46 
 
446.8  43.2  62.5 17836.0 100.0   
 
b2) Abundance and Biomass (m
-2
) of Adults by Species.  This is a continuation of the above table (b1). 
Genus 
Abundance  (m-2) Biomass  (AFDM mg/m2)   
M
e
an
 
S.
E.
 
M
in
 
M
ax
 
M
e
an
 
S.
E.
 
M
in
 
M
ax
 
 
A. calignosa 13.7 5.5 2.3 31.5 923.2 395.8 171.0 2380.3 
 A. longa 2.3 0.0 2.3 2.3 161.6 0.0 161.6 161.6 
 A. rosea 2.3 0.0 2.3 2.3 36.3 0.0 36.3 36.3 
 D. octaedra 5.0 1.4 1.1 13.5 31.0 17.3 1.1 200.8 
 D. rubidus 6.3 2.5 2.3 13.5 35.4 15.4 5.4 92.0 
 E. fetida 2.3 0.0 2.3 2.3 13.9 0.0 13.9 13.9 
 L. rubellus 3.6 0.7 2.3 13.5 172.1 31.5 16.2 504.2 
 L. terrestris 5.6 1.6 2.3 15.8 1818.8 525.6 406.6 4941.9 
 O.cyaneum 2.3 0.0 2.3 2.3 44.5 4.0 40.5 48.5 
 O. tyrtaeum 3.6 0.6 2.3 9.0 137.3 36.8 42.8 440.3 
 Amynthas spp. 15.4 3.7 2.3 42.8 1341.9 480.8 78.9 6215.5 
 All Adults 9.1 1.5 0.0 45.0 884.0 179.0 1.1 6215.5   
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Table VI: Earthworms of the Cleveland Metroparks (continued). 
 
c) Specimen Summary for Adults vs. Juveniles. 
Genus 
Individual Total Biomass   
C
o
u
n
t 
% 
A
FD
M
 
(m
g)
 
% 
 Adults 223  24.6 17805.8  59.6 
 Juveniles 683  75.4 12090.6  40.4 
 All 906 100.0 29896.4 100.0  
 
d1) Specimen Summary by Effective Ecological Group.  Values are in terms of the plots where each 
ecological group was found.  ―Presence in Plots‖ indicates the number of plots where a given group was 
found.  The corresponding percentages do not equal 100% since occurrences of different ecological groups 
among plots are rarely mutually exclusive; the appearance of one or more different group at any single plot 
is a common event.  Note that the ―Epigeic‖ ecological group includes all juvenile Lumbricus specimens. 
Genus 
Individual 
Presence 
in Plots Total Biomass   
C
o
u
n
t 
% 
C
o
u
n
t 
% 
A
FD
M
 
(m
g)
 
% 
 
Epigeic 491  54.2 50  92.6 15970.1  53.4 
 Endogeic 396  43.7 37  68.5  7760.2  26.0 
 Anecic  19   2.1  8  14.8  6166.2  20.6 
 All 906 100.0 54 
 
29896.5 100.0   
 
d2) Biomass and Abundance (m
-2
) by Effective Ecological Group. This is a continuation of the above 
table (d1). 
Genus 
Abundance  (m-2) Biomass  (AFDM mg/m2)   
M
e
an
 
S.
E.
 
M
in
 
M
ax
 
M
e
an
 
S.
E.
 
M
in
 
M
ax
 
 
Epigeic 21.9 2.6 2.3 74.3 727.4 134.8 1.1 6215.5 
 Endogeic 24.6 5.2 2.3 110.3 470.1 150.3 3.0 3969.6 
 Anecic 5.6 1.6 2.3 15.8 1818.8 525.6 406.6 4941.9 
 All 38.0 5.7 2.3 164.3 1265.1 244.1 1.1 7606.1   
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Adults comprised only one quarter of the total number of individuals, yet they 
accounted for 60% of total biomass (Table VI: c). When only adult, sexually mature 
individuals were considered, Amynthas was far more abundant than any other genus and 
had the greatest total biomass, although it was nearly equaled by the biomass of 
Lumbricus (Table VI: b2). 
 At any given study plot yielding earthworms, an average of 2 genera were found, 
although some plots contained as many as 5.  Across all plots, 7 genera representing 11 
species were found (Appendix G1; Appendix G2).  Twenty-two percent of the plots with 
earthworms contained between 1 and 19 individuals of Amynthas (Table VI: a1). 
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3.2.4 Soil Chemistry 
Soil chemistry data were grouped by plot, according to the presence or absence of 
earthworms.  The spread of values are summarized below (Fig. 11).  
    
  
   
Figure 11.  Soil Chemistry Data.  The above figures summarize the observed spread of values for soil 
parameters that will be tested for earthworm interactions.  Green dashes correspond to plots with 
earthworms; red dashes refer to plots without earthworms.   
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3.2.5 Earthworm – Plant Interactions 
Earthworm - Plant analysis included 58 plots.  Appendix I contains all 
correlations, but significant interactions are presented in Figure 12.   
 
Figure 12.  Significant Earthworm-Plant Interactions.  Interactions between earthworm communities 
and plant communities were examined as follows.  Earthworms were organized both by genus and 
ecological group.  Earthworm abundance and biomass were tested, using Pearson correlations, against 4 
descriptive plant community metrics: FQAI (Floristic Quality Assessment Index), Sensitive Plant Coverage 
(%), Tolerant Plant Coverage (%), and Bare Ground Coverage (%).  This figure presents only those 
relationships that were significant. 
 
As Aporrectodea abundance and biomass increased, FQAI and sensitive plant 
coverage decreased, whereas tolerant plant coverage increased.  Meanwhile, FQAI fell as 
both Lumbricus and epigeic biomasses increased.  Additionally, Octolasion abundance 
increased with bare ground coverage.  
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3.2.6 Earthworm – Invertebrate Interactions 
Earthworm - Invertebrate analysis included 58 plots.  Of the total 63, five plots 
produced no invertebrate data (1011, 1045, 1063, 1064, and AT02) and were excluded 
from the analysis.  Nine plots that yielded invertebrates but no earthworms (1009, 1014, 
1038, 1053, 1074, 1136, 1376, 3484, and 3732) were included in the analysis so that a 
comparison between invertebrate communities based upon the presence or absence of 
earthworms might be made.  
 
Figure 13.  Significant Earthworm-Invertebrate Interactions.  Interactions between earthworm 
communities and invertebrate communities were examined as follows.  Earthworms were organized both 
by genus and ecological group.  Earthworm abundance and biomass were tested, using Pearson 
correlations, against against 2 aggregate measures of the total invertebrate community metrics: Abundance 
and Evenness.  Invertebrate abundance was also examined using the top 5 most abundant Orders: Acari, 
Arachnida, Coleoptera, Collembola, and Hymenoptera).  This figure presents only those relationships that 
were significant. 
 
Significant interactions are summarized in Figure 13; see Appendix J for all 
earthworm-invertebrate correlations.  As invertebrate evenness increased earthworm 
biomass increased.  Collembola abundance increased with greater biomasses of Amynthas 
and anecic earthworms.  Hymenoptera abundance also increased with abundance of 
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Dendrodrilus.  Finally, Coleoptera abundance increased with greater biomasses of 
Lumbricus and endogeic earthworms. 
 
3.2.7 Litter – Invertebrate/Earthworm Interactions 
Significant interactions are summarized in Figure 14; see Appendix J for all litter-
invertebrate/earthworm correlations.  As expected, invertebrate abundance increased with 
dry litter mass and there was a weak relationship between increasing total earthworm 
biomass and decreasing litter mass (r=-0.17, P=0.19) but it was not strong enough to be 
significant.  Additionally, when invertebrate abundance was tested against either 
abundance or biomass of earthworms, no relationship was found. 
 
Figure 14.  Significant Litter-Invertebrate/Earthworm Interactions.  Litter mass and both earthworm 
and invertebrate communities were examined as follows.  Earthworms were organized both by genus and 
ecological group.  Earthworm abundance and biomass were tested, using Pearson correlations, against 
against Dry Litter Mass.  Invertebrate abundance  was also tested against dry litter mass, using Pearson 
correlation.  This figure presents only those relationships that were significant. 
 
Finally, dry litter mass produced several modest negative correlations for 
individual genera through biomass for Amynthas, Octolasion, and Anecics and through 
abundance for Dendrobaena. 
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3.2.8 Earthworm – Earthworm Interactions 
Significant interactions are discussed below; see Appendix K for all earthworm-
earthworm correlations.  Abundances and biomasses for the genera of Aporrectodea, 
Lumbricus, and Octolasion correlated with one another indicating that they tended to 
appear together (Fig. 15).   
Negative correlations were found for abundance and biomass between Amynthas 
and both Lumbricus (r=-0.47, P<0.001; r=-0.56, P<0.001) and Octolasion (r=-0.37, 
P=0.01; r=-0.41, P=0.002); this demonstrated that whenever Amynthas was found, 
Lumbricus and Octolasion were likely to be less abundant and therefore, presented a 
correspondingly lower biomass. 
 
 
Figure 15.  Correlations between Aporrectodea, Lumbricus, and Octolasion.  The left-hand figure 
illustrates the positive association that these 3 genera have with one another with respect to abundance; the 
right-hand figure illustrates a similar relationship with respect to biomass.  The Pearson correlations are 
shown above the corresponding relationship arrows. 
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Figure 16.  Earthworm Abundance by Genus for Plots with and without Amynthas.  A p-value was 
determined for each genus using the abundance at plots with Amynthas against those without, using a two-
tailed t-test and assuming unequal variances.  Note that Eisenia fetida was insufficiently represented to 
perform a t-test. 
 
 
 
Figure 17.  Earthworm Biomass for Plots with and without Amynthas.  This figure is an ordinary least 
squares regression of earthworm abundance vs. biomass (AFDM).  The black trendline is based upon those 
plots containing earthworms other than Amynthas.  The dashed red trendline is based upon plots that 
contain Amynthas.  The trendlines demonstrate that the total biomass at plots containing Amynthas is 
greater than those where it is absent. 
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Analysis by ecological groups revealed that epigeic and endogeic earthworms 
tended be found together (r=0.48, P<0.001) whereas anecic and endogeic earthworms 
were not (r=-0.64, P<0.001) (Appendix K: c). 
The abundances of Lumbricus, Octolasion, Dendrobaena, and Aporrectodea were 
significantly higher where Amynthas was not present than those where it was (Fig. 16) 
whereas plots containing Amynthas tended to have higher biomasses than those that did 
not (Fig. 17).   
 
3.2.9 Earthworm – Soil Interactions 
Significant interactions are summarized in Figure 18; see Appendix L for all 
earthworm-soil correlations.  Several interactions were found; total carbon and nitrogen 
decreased with greater endogeic biomass, whereas only total nitrogen decreased with 
greater epigeic biomass.  Plant available phosphorus decreased as the biomasses of 
Lumbricus and endogeic earthworms increased. 
As Dendrobaena abundance increased, total carbon and organic matter decreased 
whereas pH, calcium, and magnesium decreased (Fig. 18).  Plots were grouped in three 
different ways.  The first grouping was according to whether plots contained 
Dendrobaena or other earthworms (Fig. 19).  The second grouping was according to 
whether plots contained Amynthas or other earthworms.  In the final grouping, plots were 
divided by whether earthworms were present. 
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Figure 18. Significant Earthworm-Soil Interactions.  Interactions between earthworm communities and 
soil composition were examined as follows.  Earthworms were organized both by genus and ecological 
group.  Earthworm abundance and biomass were tested, using Pearson correlations, against against 9 soil 
parameters: total carbon, total nitrogen, organic matter, phosphorus-P1, phosphorus-P2, potassium, 
calcium, magnesium, and pH.  This figure presents only those relationships that were significant. 
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Figure 19. Soil pH at Plots with Dendrobaena and Those with Other Earthworms.  This figure 
summarizes the spread of pH values between plots containing Dendrobaena (N=12) and those containing 
earthworms other than Dendrobaena (N=42). 
 
 
Figure 20. Regression Lines for pH vs. Mg for Plots with and without Earthworms.  This figure is an 
ordinary least squares regression of soil pH vs. Magnesium availability.  The dashed black trendline 
corresponds to plots with earthworms (N=42), whereas the solid black trendline corresponds to plots 
without earthworms (N=12).  Although both trendlines indicate an increasing availability of magnesium 
with pH, there is some evidence that plots containing earthworms have enhanced Mg availability. 
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The pH at plots containing Dendrobaena were significantly different (P<0.001) 
from those without (Fig. 19).  The only other significant relationship was between plots 
with earthworms and those without, with respect to magnesium availability (P=0.01).  
Plots yielding earthworms (Mgppm=139) had a 64% higher magnesium availability than 
those without (Mgppm=82).  Regression lines for the two groups were determined for 
magnesium vs. pH to explore whether pH was primarily driving magnesium availability 
rather than an earthworm related factor. 
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CHAPTER IV 
DISCUSSION 
4.1 Hypotheses 
HYPOTHESIS 1 (higher abundances and/or biomass of earthworms correspond 
to more degraded plant communities) was supported by the data in the following ways: 
Aporrectodea was the dominant earthworm influence on plant communities; as its 
biomass increased, FQAI and sensitive plant coverage decreased and tolerant plant 
coverage increased.  Considering that Aporrectodea only constituted a quarter of total 
biomass, its effects were disproportionately large making it a particularly potent agent.  
FQAI also declined with Lumbricus biomass.  Finally, bare ground coverage increased 
with greater abundance of Octolasion. 
HYPOTHESES 2 & 4 (invertebrate communities are degraded by higher 
abundances and/or biomass of non-native earthworms or by Amynthas considered alone) 
were not supported by the data, in fact a number of modest beneficial relationships were 
found.  Litter mass was of interest since many earthworms consume it and invertebrates 
rely upon it for food and environment.  Invertebrate abundance correlated positively with 
litter mass as found in previous studies (Szlavecz et al. 2011; Cameron et al. 2013). 
Greater earthworm abundance corresponded with decreased litter mass (Holdsworth et al. 
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2008; Holdsworth et al. 2012) yet this increased abundance did not affect overall 
invertebrate abundance.  However, greater earthworm abundance appeared to shift the 
relative abundances of invertebrate taxa, as was represented by greater Evenness.  
Additionally, the abundances of Collembola, Hymenoptera, and Coleoptera were 
enhanced by a number of earthworm groups (Fig. 13).  This was contrary to what one 
might expect since earthworms were consuming the litter that invertebrates apparently 
relied upon.  A previous study by Straube et al. (2009) found a similar effect, where low 
densities of Octolasion tyrtaeum caused increases in microarthropod taxa diversity and 
abundance. 
Several factors could contribute to these paradoxical circumstances.  The first was 
that the forests of N.E. Ohio are already ecologically disturbed.  According to Williams 
(1949), they were once old-growth forests, but nearly all of them were cut down when the 
region was settled at the start of the 1800‘s.  As these forests re-grew, earthworms, to 
some extent, were probably incorporated into the recovering ecosystem.  In the new food-
web, earthworms and other soil invertebrates were already co-existing; interactions 
between them would likely be muted in contrast to an undisturbed, previously worm-free 
forest. 
In comparison to other studies, the densities that I found were quite modest, with 
a mean of 38 individuals per square meter to a maximum of 164.  Previously reported 
densities of 100 to 200 were common (Suárez et al. 2006) while density spikes as high as 
2000 to 3000 occurred in extreme cases (Suárez et al. 2006; Dymond et al. 1997).  
The Intermediate Disturbance Hypothesis basically states that moderate amounts 
of upheaval or disruption actually produce beneficial effects because they create new 
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opportunities that might otherwise not be available under equilibrium conditions (Begon 
et al. 2006).  I believe that is what the data was showing; earthworms were disturbing the 
soil and fragmenting the litter but also stimulating microbial production.  This enhanced 
food resources for those invertebrates that could take advantage of it.  If earthworm 
densities were greatly elevated this benefit would probably vanish.  
The lack of influence by Amynthas is another situation.  At the time of sampling, 
it was only found in 22% of the plots and constituted 9% of all individuals collected.  It is 
possible that as a recent arrival, Amynthas was not present in the study plots long enough 
or in sufficient numbers to exert a significant and lasting influence. 
HYPOTHESIS 3 (higher abundances and/or biomass of Amynthas tend to degrade 
plant communities) was not supported by the data.  Amynthas did not appear to have any 
distinctive influence upon urban/suburban forest ecosystems beyond that of other non-
native earthworms.  As mentioned above, Amynthas was a recent arrival to N.E. Ohio, 
and its influence could become more notable with the passage of time. 
HYPOTHESIS 5 (earthworm activity and soil composition mutually influence 
one another) was supported by the data.  Carbon, nitrogen, and phosphorus decreased 
with increasing biomass of selected earthworm groups (Fig. 18).  The likely cause of 
these decreases was accelerated nutrient mineralization initiated by consumption of litter 
and soil organic matter.  Once mineralized, nutrients were easily leached away from 
upper soil horizons through normal hydrologic processes.  This essentially agreed with a 
study by Hale et al. (2005) of an invasion of previously worm-free northern hardwood 
forests that revealed consistent decreases in carbon, nitrogen, and organic matter of the O 
and A soil horizons.   
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Soil tests measure the portion of nutrients that are likely to become plant-
available; they do not report total quantities present in the soil (Hornbeck et al. 2011).  
Although earthworms can increase the leachate fluxes of cations, such as magnesium 
through burrowing activity (Robinson et al. 1996), studies have also shown that 
earthworms may increase soil pH through casting activities (Bolan & Baskaran 1996; 
Sackett et al. 2013).  Higher average pH, as found at plots containing earthworms, 
contributed to a higher availability of cations yet the data did not provide clear evidence 
that pH was the primary mechanism controlling magnesium availability.  The regression 
lines comparing pH/Mg relationships (Fig. 20) at plots with and without earthworms 
suggested a secondary factor, yet there were insufficient worm-free plots in the dataset to 
be definitive. 
 
4.2 Octolasion and Succession 
A relationship was found between dry litter mass and the abundance of individual genera 
of earthworms (Fig. 14).  Previous studies have demonstrated relationships between litter 
depletion for epigeic and anecic earthworms such as Amynthas and L. terrestris 
(Holdsworth et al. 2008; Holdsworth et al. 2012), yet Octolasion was a bit of a puzzle, 
since it primarily consumed soil organic matter and not litter.   
Earthworm assemblages are often successional (Suárez et al. 2006), where initial 
invasions consist of epigeics, closely followed by anecic species; this continues until the 
topsoil has been sufficiently enriched and loosened to facilitate an invasion by endogeics, 
such as Octolasion.  I propose that the higher densities of Octolasion found in litter-
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depleted areas exerted no direct influence on litter consumption, rather, their presence 
was incidental as product of earthworm succession. 
Octolasion tyrtaeum is a peregrine species that tolerates a wide range of 
environmental conditions (James & Hendrix 2004).  Its association with bare ground was 
consistent with successional litter depletion, yet Octolasion’s endogeic foraging habit 
through and upon fine root systems could also cause understory plant decline, and thus 
increase the appearance of bare ground. 
The Aporrectodea-Lumbricus-Octolasion earthworm assemblage was commonly 
found within the Cleveland Metroparks.  This structure was likely to represent a 
relatively stable, well-established community since Aporrectodea and Lumbricus 
represented the first two groups of a successional invasion (epigeic and anecic) and 
Octolasion represented the final group. 
 
4.3 The Dendrobaena Puzzle 
Dendrobaena produced some unexpected results; as its abundance increased, soil 
carbon, organic matter, and dry litter mass increased whereas pH dropped, along with 
magnesium and calcium availability.  This was contrary to everything one would expect 
since earthworms consume organic materials and decrease in abundance with falling pH 
(Tiunov et al. 2006).  Declining calcium and magnesium availability could be explained, 
since such cations become less available as pH decreases.   
A study by Suárez et al. (2006) provides some insight.  Dendrobaena is 
distinguished as being one of the most frost-resistant and acid-tolerant lumbricids in the 
world.  Being tiny, epigeic, and parthenogenetic makes it very well adapted to colonizing 
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worm-free or inhospitable soils.  In general, earthworm densities begin to drop off once 
soil pH falls below 5 (Tiunov et al. 2006).  A t-test between plots sorted by Dendrobaena 
(Fig. 19) confirmed that soil pH was lower at plots where it was present (P<0.001).  The 
evidence suggested that Dendrobaena enjoyed a partial release from inter-species 
competition because of its tolerance to acidic soil; the reason it was correlated with 
higher levels of carbon, organic matter, and leaf litter is because there were just not that 
many other earthworms present to consume the litter that also had a comparable pH 
tolerance. 
 
4.4 Land Use History and Earthworm Influence 
 Pristine, minimally disturbed forests differ from urban/suburban forests in a 
number of fundamental ways.  In a study of previously worm-free boreal forests of 
Minnesota, Frelich et al. (2006) found that invasive earthworms caused significant 
declines in diversity of herbaceous plants and tree seedlings, contributing to ―forest 
decline syndrome‖ where the successional trajectory of the forest is changed. 
Although healthy, well-established ecosystems are inherently resilient, they also 
contain significant numbers of ecosystem specialists that use resources uniquely and are 
therefore successful.  Invasive species, often being generalists, are able to overexploit 
resources often driving resources to levels lower than can be tolerated by natives 
(Crowder & Snyder 2010).   
 In contrast to the forests study by Frelich et al. (2006), Snyder et al. (2011) 
examined the invasion of the non-native earthworm Amynthas agrestis into forests 
already occupied by indigenous earthworms.  Some moderate decreases in the O horizon 
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were observed, but the greater significance was that the invasion front expanded much 
more slowly and inconsistently than expected.  Snyder hypothesizes that a form of biotic 
resistance in the form of direct competition with a native millipede may be a major factor. 
The difference in response between the two forest communities highlights their 
inherent sensitivities to a similar disturbance. For Minnesotan forests that have no 
ecological equivalent to the earthworm, an earthworm invasion caused great change, yet 
in the Smoky Mountains, the effects on forest floor structure and diversity were markedly 
less. 
Northeastern Ohio forests and Smoky Mountain forests are similar in that they 
already have a resident earthworm population; however, they differ in at least two ways.  
The Smoky Mountain forests have been exposed to relatively minor ecological 
disturbances compared to N.E. Ohio.  With few exceptions, the lands of the Cleveland 
Metroparks are recovering urban/suburban forests.   Additionally, all of the non-native 
earthworms identified are highly adaptable, generalists whereas the indigenous 
earthworms of the Smokies have been coevolving within their ecosystem for at least tens 
of thousands of years. 
I found that the Aporrectodea-Lumbricus-Octolasion assemblage appeared to be a 
common element among the plots; one study found a correlation between these three 
genera and a reduction in both leaf litter mass and seedling count (Corio et al. 2009).  
Even though this community is technically non-native, it probably naturalized to 
recovering forests and was incorporated into a new level of diversity and interactions that 
exclude many of the original specialists leading to a biotic homogenization.  Such a 
community would support less diversity and encourage the spread of more tolerant 
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natives (Naaf & Wulf 2010) as well as resident non-natives.  Subsequent introductions of 
the same, or ecologically equivalent species, are more easily assimilated since the 
conditions for foraging, burrowing, and reproduction have already been established. 
This does not imply that introductions of new earthworm species or 
reintroductions of existing species do not cause disturbances in the food web; it is only 
that those disturbances are likely to cause less severe perturbations in the relative 
equilibrium, since the ecosystem has ―learned‖ how earthworms use their environment 
and can respond accordingly.  This acquired toughness, however, is paid for through a 
lower biodiversity and habitat quality.  In contrast, worm-free forests do not benefit from 
this learning and therefore, are far more vulnerable to dramatic changes in forest floor 
dynamics, understory composition, or even dominant tree species selection over the long 
term. 
 
4.5 The Influence of Amynthas 
Amynthas abundance displays a strong negative correlation with the abundances 
of other non-native earthworms, yet fails to produce a distinctive negative interaction 
with either plant or invertebrate communities.  One explanation is that its potential 
influence is limited, since it must divert some of its energy budget to compete for 
resources.  Another explanation is that Amynthas will eventually express its influence; it 
is just that it is taking longer to become established since many of the prime habitats, 
such as those not subject to desiccation or limited food, are already occupied.  Due to its 
high metabolic rate and necessity to complete its life cycle within one year, Amynthas is 
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more vulnerable to resource limitations and habitat fluctuations than established species 
that may live for multiple seasons. 
Figure 17 shows that the biomass at sites containing Amynthas have a greater 
biomass yet those same sites have reduced abundances of non-Amynthas genera (Fig. 16) 
indicating that once Amynthas does become established, it draws more carbon from its 
environment than did previous assemblages; this points to a greater potential for 
ecological damage by Amynthas once it becomes more deeply established. 
Disturbances from a new influence on an ecosystem can be expected to manifest 
through the relative success of the organisms that most directly compete for the same 
resources, such as other earthworms or millipedes (Snyder et al. 2011).  The current 
earthworm – earthworm interactions could therefore be precursors to a more significant 
Amynthas influence. 
 
4.6 Sampling Methods and Weather Conditions 
One of significant challenges with earthworm sampling is the variability of their 
distributions, which may skew reported abundances and diversities from actual values.  
Abundance represents the average number of individuals for a given area, yet earthworms 
can be very patchy and will congregate around areas that offer the best forage and a 
stable, hospitable environment.   
Physical site characteristics therefore play a fundamental role in extraction 
effectiveness.  Surfaces that are uncommonly dry, compacted, or matted with roots, may 
resist the penetration of a mustard solution to a degree that it is largely unabsorbed and 
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rendered ineffective.  For excessively pitched surfaces, much of the solution may flow 
outside of the sample area before being fully absorbed. 
Earthworm distributions also expand and contract over time, primarily following 
changes in soil moisture that are usually driven by weather conditions.  For this research, 
earthworm collection extended over a period of four weeks.  The first two weeks were 
very hot and dry, but the final two weeks included a fair amount of rain.  One author 
notes a dramatic reduction in earthworm numbers during very dry conditions (Snyder et 
al. 2008).  It is impossible to estimate by how much the average densities varied between 
plots sampled during the first half and those sampled during the second, based entirely 
upon weather conditions.  Ideally, though wholly impractical, all sampling would be 
completed in one day to eliminate the variability due to rainfall.   
The same difficulty applies to longitudinal studies, where abundance and diversity 
can be expected to vary from year to year with respect to rainfall and temperature as well 
as successional changes based on litter and soil conditions. 
The use of the liquid mustard extraction method is a well-established technique 
for earthworm sampling, and in that respect, densities across different studies are 
generally applicable, but the lingering question of how comparable it is to other methods 
remains.  One study by Lawrence et al. (2002) compared the mustard extraction method 
to hand sorting and found that, the two are quite comparable and differ only slightly.  
Digging and hand sorting tends to underestimate both the smallest earthworms and those 
residing below a depth of 25 cm.  At present, there appear to be no studies that attempt to 
ascertain the relationship between earthworm density estimates and their corresponding 
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true densities.  All the above considerations illustrate how collected data is ultimately at 
the mercy of when, where, how often, and how thoroughly sampling is performed. 
 
4.7 Future Work 
In future work, a more detailed analysis of invertebrate specimens would be 
useful so that functional rather than strictly taxonomic divisions could be used for 
correlations.  Inclusion of a relative measure of co-occurring disturbances, such as 
intensity of deer browse and degree of surrounding urban land use, might be helpful to 
tease apart overall disturbance into discrete contributing factors.  Finally, though very 
resource intensive, it would be useful to genetically barcode all the specimens, or at least 
the juveniles, so that they could be identified to species.  One study presented a 
nondestructive technique using excreted coelomic fluid to amplify earthworm DNA for 
barcoding (Minamiya et al. 2011).  This would permit a greater insight into how both 
juveniles and adults of different species interact with their environment. 
 
4.8 Final Thoughts 
My research contributed to the existing body of knowledge regarding the 
influence of non-native earthworms on forest ecosystems, but was unique since it focused 
on urban/suburban forests rather than relatively undisturbed woods. 
Causation still remains a complex and vexing problem since ecosystems tend to 
be very complex, chaotic, highly non-linear systems that are strongly influenced by 
previous conditions.  Ecosystems also have many simultaneous disturbances that often 
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co-facilitate one another and may cause runaway conditions through positive feedback 
mechanisms. 
Earthworms, certain invasive plants, and high deer populations often occur 
together and it is not clear how they facilitate one another.  It has been hypothesized that 
earthworms and exotic plants support one another as co-invaders (Heneghan et al. 2007).  
Earthworm-mediated litter breakdown promotes conditions favorable to invasion of 
exotic plants such as common buckthorn (Rhamnus cathartica) by increasing soil N 
availability above levels required by native plants.  A causative relationship between non-
native plants and adjacent soil properties was established in a study by Kourtev et al. 
(2003).  The soil properties and microbial communities in the rhizosphere of exotic plants 
developed very differently from those of native plants grown under greenhouse 
conditions starting with identical soils.  Exotic plant soils in that study had a 
characteristically higher pH and higher availability of nitrates.  These elevated nitrates in 
turn, may favor increased earthworm densities, thus creating a positive feedback loop to 
sustain a co-invasion. 
Although earthworms may engage in seed predation and translocation (Forey et 
al. 2011) as well seedling herbivory (Eisenhauer et al. 2010) the high densities of the 
white-tailed deer (Odocoileus virginianus) are arguably a dominant factor in the 
consumption of woody and herbaceous plants and seedlings (Alverson et al. 1988).  
Selective deer browse and avoidance of unpalatable, often invasive plants can promote 
continued ingress of undesirable plants (Aronson & Handel 2011). 
The wide-ranging and wandering behavior of deer through both urban areas and 
forest may facilitate jump dispersal of earthworm communities as cocoons are 
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transported by deer hoofs during their movements.  Deer pellets cannot be 
underestimated as source of earthworm enrichment (Rearick et al. 2011).  In fact, 
Lumbricus terrestris activity accelerates deer fecal pellet decomposition, where 
subsequently released nutrients may then support yet greater earthworm densities 
(Karberg & Lilleskov 2009).  Meanwhile, high-pH castings resulting from deer foraging, 
further raise soil pH which causes nutrients to become more bioavailable, but also creates 
a greater risk of being leached away.  Earthworm litter consumption also removes the 
duff layer that acts as a nursery to seedlings and protects the forest floor food web against 
extreme dry or cold events.   
All of the above factors are likely to decrease plant diversity and alter soil 
chemistry, yet earthworms are not the sole agents of change but only co-facilitators.  
Considering the many ecological disturbances that encroach upon urban/suburban forests, 
it is rather remarkable that any influences of earthworm activity are detectable. 
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Mean SD
001 1056 51.4 0.11 114.3 274 41.3 8.2 33.1
002 1055 44.2 0.25 99.8 267 72.2 36.7 35.5
003 1054 35.8 0.19 78.2 150 34.0 15.7 18.3
004 1053 38.5 0.07 87.8 154 27.0 3.0 24.0
005 1052 36.6 0.03 82.5 86 14.8 2.9 11.9
006 1051 45.4 0.23 101.7 266 51.2 17.3 33.9
007 1050 51.5 0.17 116.7 236 52.7 22.2 30.5
008 1049 44.9 0.25 101.7 235 52.6 25.5 27.1
009 1048 50.8 0.19 112.5 225 46.0 16.0 30.0
010 1047 48.7 0.09 109.9 262 54.7 23.9 30.8
011 1046 47.7 0.16 106.9 218 33.7 7.9 25.8
012 1045 43.5 0.07 99.1 262 69.7 37.2 32.5
013 1044 44.3 0.11 99.8 240 52.4 21.1 31.3
014 1043 36.4 0.07 83.9 299 73.2 36.2 37.0
015 1042 55.1 0.24 122.0 438 105.2 39.2 66.0
016 1041 53.2 0.24 116.9 491 105.8 32.2 73.6
017 1040 45.4 0.10 99.6 239 50.1 19.6 30.5
018 1039 59.6 0.05 130.0 482 118.9 49.9 69.0
019 1038 63.5 0.36 139.3 510 114.4 34.3 80.1
020 1037 57.6 0.12 129.9 336 58.6 14.4 44.2
021 1036 58.3 0.21 131.7 518 93.0 23.1 69.9
022 1035 52.4 0.25 117.3 458 98.8 40.3 58.5
023 1034 40.7 0.14 91.6 224 44.1 16.4 27.7
024 1033 55.0 0.09 123.7 489 81.8 16.7 65.1
025 1032 60.4 0.24 135.1 539 99.5 20.2 79.3
026 1031 54.4 0.08 128.4 853 183.0 85.4 97.6
027 1030 59.9 0.19 136.5 482 78.6 13.1 65.5
028 1029 51.0 0.07 116.3 512 122.5 63.4 59.1
029 1028 54.0 0.14 121.0 363 95.0 51.0 44.0
030 1027 59.0 0.24 133.9 397 61.1 14.5 46.6
031 1026 57.0 0.09 131.0 313 71.8 37.0 34.8
032 1025 38.1 0.07 94.2 351 86.5 44.0 42.5
033 1024 28.7 0.16 66.1 96 17.0 3.5 13.5
034 1023 33.6 0.16 76.0 98 20.4 4.7 15.7
035 1022 31.9 0.10 73.4 121 26.6 6.0 20.6
036 1021 25.7 0.07 58.2 60 12.0 2.6 9.4
037 1020 34.5 0.05 77.0 123 37.8 22.7 15.1
038 1019 25.6 0.05 57.4 76 16.6 5.4 11.2
039 1018 27.2 0.04 61.1 50 10.5 3.4 7.1
040 1017 30.8 0.09 73.2 108 29.7 10.0 19.7
041 1016 31.1 0.05 72.2 86 19.2 8.6 10.6
042 1015 27.3 0.10 61.7 65 13.1 2.3 10.8
043 1014 24.7 0.02 55.4 58 11.4 1.6 9.8
044 1013 28.7 0.04 62.7 55 8.1 0.7 7.4
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045 1012 30.4 0.03 69.1 74 16.8 8.8 8.0
046 1011 35.2 0.13 79.4 92 19.5 7.5 12.0
047 1010 32.2 0.10 70.4 108 24.6 8.9 15.7
048 1009 28.0 0.13 64.7 63 11.8 2.5 9.3
049 1008 26.4 0.07 60.6 59 12.1 3.9 8.2
050 1007 26.8 0.02 60.6 47 7.9 2.3 5.6
051 1006 23.2 0.06 49.8 48 8.4 0.3 8.1
052 1005 26.7 0.12 59.5 55 11.9 3.5 8.4
053 1004 25.7 0.07 57.9 62 12.1 2.3 9.8
054 1003 32.8 0.10 73.6 60 10.2 2.1 8.1
055 1002 22.7 0.07 52.4 53 13.3 3.1 10.2
056 1001 25.2 0.05 56.7 68 13.5 3.4 10.1
057 1000 37.5 0.08 85.1 156 35.2 13.7 21.5
058 0999 35.3 0.09 80.2 133 36.7 21.2 15.5
059 0998 23.9 0.09 55.0 56 14.0 1.6 12.4
060 0997 39.1 0.05 91.9 179 48.7 26.6 22.1
061 0996 26.1 0.12 61.0 74 13.4 1.8 11.6
062 0995 49.4 0.10 114.0 224 53.9 26.4 27.5
063 0994 25.0 0.02 57.3 54 12.0 4.5 7.5
064 0993 21.1 0.08 49.8 45 11.4 4.3 7.1
065 0992 23.1 0.07 51.8 53 10.8 2.0 8.8
066 0991 24.9 0.05 55.8 55 11.2 3.1 8.1
067 0990 18.3 0.08 40.8 26 4.5 0.4 4.1
068 0989 23.4 0.03 53.3 48 9.9 1.7 8.2
069 0988 23.7 0.07 52.0 49 11.5 3.7 7.8
070 0987 20.6 0.08 45.3 42 10.7 4.1 6.6
071 0986 17.9 0.03 40.6 28 7.6 2.5 5.1
072 0985 23.9 0.09 54.1 53 11.3 3.3 8.0
073 0984 21.9 0.10 49.1 39 8.7 2.5 6.2
074 0983 19.0 0.03 43.7 36 9.0 3.0 6.0
075 0982 16.8 0.03 39.6 27 5.7 1.2 4.5
076 0981 13.3 0.04 31.3 8 1.7 0.7 1.0
077 0980 13.4 0.04 30.5 9 2.0 0.9 1.1
078 0979 20.4 0.08 44.7 19 3.5 1.2 2.3
079 0978 13.8 0.02 30.2 11 2.6 0.7 1.9
080 0977 15.0 0.02 33.4 16 4.7 1.8 2.9
081 0976 13.6 0.05 30.3 9 2.1 0.6 1.5
082 0975 16.2 0.02 35.8 19 3.8 0.2 3.6
083 0974 89.7 0.05 203.2 1095 234.4 106.9 127.5
084 0973 72.3 0.12 168.3 1285 426.0 285.6 140.4
085 0972 66.3 0.06 147.5 809 240.8 156.5 84.3
086 0971 84.4 0.21 191.5 1253 443.9 306.8 137.1
087 0970 85.7 0.30 206.8 1089 312.8 195.4 117.4
088 0969 71.7 0.02 164.3 745 157.3 72.9 84.4
089 0968 94.8 0.45 221.8 1628 533.0 354.3 178.7
090 0967 54.2 0.15 126.8 635 135.7 52.7 83.0
091 0966 64.1 0.30 155.7 1468 407.8 218.5 189.3
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Earthworm Allometry: Raw Data
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Length
Perim Wet Dry Ash AFDM
092 0965 63.8 0.32 150.5 835 245.5 136.2 109.3
093 0964 59.0 0.10 140.2 652 209.7 129.9 79.8
094 0963 69.3 0.24 154.4 784 207.1 115.2 91.9
095 0962 85.0 0.23 194.2 1689 483.3 245.5 237.8
096 0961 63.1 0.05 148.7 572 135.6 48.8 86.8
097 0960 85.4 0.18 202.0 1313 368.4 225.9 142.5
098 0959 60.4 0.06 133.4 590 135.6 50.1 85.5
099 0958 48.5 0.07 109.8 320 65.3 24.9 40.4
100 0957 57.1 0.10 128.5 561 154.9 80.9 74.0
101 0956 59.3 0.05 134.2 747 198.5 104.4 94.1
102 0955 78.1 0.05 180.6 907 197.9 101.4 96.5
103 0954 62.0 0.02 144.0 620 198.5 122.7 75.8
104 0953 65.6 0.03 156.8 565 131.6 65.3 66.3
105 0952 65.7 0.27 153.4 596 104.2 26.9 77.3
106 0951 62.1 0.05 147.2 544 102.0 27.7 74.3
107 0950 64.4 0.10 155.3 781 248.0 161.9 86.1
108 0949 54.6 0.06 130.0 491 113.9 48.3 65.6
109 0948 66.0 0.12 149.1 837 187.5 77.2 110.3
110 0947 83.6 0.13 197.0 1279 196.5 48.1 148.4
111 0946 72.5 0.04 176.3 630 143.0 65.7 77.3
112 0945 61.3 0.11 149.2 665 184.8 106.4 78.4
113 0944 64.7 0.21 152.0 698 180.8 90.8 90.0
114 0943 66.0 0.08 160.2 710 180.0 90.8 89.2
115 0942 62.3 0.30 147.0 578 109.7 36.1 73.6
116 0941 62.8 0.34 151.6 711 185.8 94.4 91.4
117 0940 98.7 0.47 239.4 1296 264.9 125.0 139.9
118 0939 69.0 0.25 162.0 502 134.1 77.2 56.9
119 0938 60.6 0.26 141.9 591 154.1 69.6 84.5
120 0937 57.1 0.19 132.0 511 102.9 37.0 65.9
121 0936 62.4 0.12 142.3 576 101.1 29.3 71.8
122 0935 90.3 0.41 216.3 2061 718.5 434.9 283.6
123 0934 57.5 0.12 136.0 557 103.6 38.8 64.8
124 0933 55.5 0.28 130.2 611 166.1 86.0 80.1
125 0932 66.8 0.29 151.9 1454 458.6 285.3 173.3
126 0931 95.9 0.12 226.4 1521 552.2 403.2 149.0
127 0930 60.2 0.23 137.8 677 233.4 156.0 77.4
128 0927 122.0 0.20 294.6 3093 1005.1 622.8 382.3
129 0926 96.7 0.38 227.1 2425 789.0 495.3 293.7
130 0925 108.6 0.05 256.7 2088 761.0 557.4 203.6
131 0924 109.1 0.27 250.6 2590 993.1 699.7 293.4
132 0923 124.3 0.16 310.0 3130 970.3 620.9 349.4
133 0922 99.0 0.31 234.9 1858 595.6 395.1 200.5
134 0920 145.7 0.05 353.0 3797 1127.4 657.7 469.7
135 0919 107.1 0.42 248.5 2502 1018.9 760.5 258.4
136 0918 94.0 0.13 221.8 1654 438.7 247.9 190.8
137 0917 91.4 0.32 211.7 1588 575.7 421.2 154.5
138 0916 81.8 0.33 194.6 1354 387.7 226.0 161.7
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Earthworm Allometry: Raw Data
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Perim Wet Dry Ash AFDM
139 0915 103.4 0.08 267.8 2505 569.9 301.5 268.4
140 0914 99.0 0.27 251.5 2567 584.1 298.9 285.2
141 0913 102.0 0.10 252.1 2614 749.4 445.0 304.4
142 0912 77.5 0.35 185.4 1342 369.0 204.3 164.7
143 0911 81.8 0.27 194.2 1306 289.2 143.9 145.3
144 0910 105.1 0.17 250.3 1865 547.5 346.6 200.9
145 0909 133.5 0.28 328.0 3057 953.3 631.5 321.8
146 0908 104.3 0.12 252.4 2902 836.9 516.3 320.6
147 0907 73.6 0.30 178.2 1046 272.8 154.8 118.0
148 0906 82.6 0.17 201.8 1364 331.2 170.7 160.5
149 0905 111.4 0.39 257.5 2270 816.2 523.1 293.1
150 0904 137.4 0.22 353.7 3486 970.7 572.3 398.4
151 0903 74.7 0.24 192.7 1092 326.6 207.5 119.1
152 0902 92.9 0.45 216.4 1341 330.7 179.5 151.2
153 0901 76.1 0.23 185.3 1327 406.7 258.1 148.6
154 0900 119.5 0.60 281.1 2944 965.5 639.7 325.8
155 0899 117.0 0.10 285.6 2652 949.7 644.3 305.4
156 0898 90.0 0.34 218.1 1367 426.7 279.2 147.5
157 0897 86.9 0.24 200.1 1281 415.3 271.1 144.2
158 0896 111.4 0.69 267.9 3488 912.8 523.0 389.8
159 0895 143.8 0.02 343.6 3528 968.0 588.3 379.7
160 0894 123.8 0.39 325.4 3001 842.0 473.0 369.0
13.3 0.02 30.2 8 1.7 0.2 1.0
58.8 0.15 137.7 799 225.8 131.5 94.3
57.1 0.11 130.1 506 103.3 37.1 66.0
145.7 0.69 353.7 3797 1127.4 760.5 469.7
Min
Avg
Median
Max
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Genus Species Source
01 x 2.0300 -11.0100 0.740 Genus spp Greiner
03 x 2.1734 -11.6417 0.940 Aporrectodea spp Hale, Reich, Frelich
04 x 2.1734 -11.6417 0.940 Aporrectodea calignosa #3
05 x 2.1734 -11.6417 0.940 Aporrectodea longa #3
06 x 2.1734 -11.6417 0.940 Aporrectodea rosea #3
09 x 2.6365 -12.8740 0.840 Dendrobaena octaedra Hale, Reich, Frelich
10 x 1.7500 -10.1900 0.670 Dendrodrilus rubidus Greiner
11 x 2.1200 -10.8800 0.890 Eisenia spp #13
13 x 2.1200 -10.8800 0.890 Eisenia fetida Greiner
15 x 2.3225 -11.8423 0.960 Lumbricus spp Hale, Reich, Frelich
16 x 2.3225 -11.8423 0.960 Lumbricus rubellus #15
17 x 2.3225 -11.8423 0.960 Lumbricus terrestris #15
18 x 2.6117 -13.0190 0.970 Octolasion spp #20
19 x 2.6117 -13.0190 0.970 Octolasion cyaneum #20
20 x 2.6117 -13.0190 0.970 Octolasion tyrtaeum Hale, Reich, Frelich
22 x 2.3820 -12.4500 0.959 Amynthas spp #24
23 x 2.4700 -12.6400 0.850 Amynthas hilgendorfi Greiner
24 x 2.3820 -12.4500 0.959 Amynthas
hilgendorfi/
agrestis
Schermaier
APPENDIX B
Earthworm Allometry: Source Equations
Lu
m
b
ri
ci
d
ae
M
eg
as
co
le
cd
ia
e
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S 001 0987 20.6 19.0 7.8% 6.60 5.28 4.36 20.0% 34.0% 20.0% 34.0%
S 002 0989 23.4 23.5 -0.4% 8.20 7.15 7.23 12.8% 11.9% 12.8% 11.9%
S 003 0988 23.7 23.0 3.0% 7.80 7.37 6.87 5.5% 12.0% 5.5% 12.0%
S 004 1004 25.7 25.5 0.8% 9.80 8.94 8.78 8.7% 10.4% 8.7% 10.4%
S 005 1008 26.4 25.0 5.3% 8.20 9.53 8.37 -16.3% -2.1% 16.3% 2.1%
S 006 1024 28.7 26.5 7.7% 13.50 11.63 9.62 13.8% 28.7% 13.8% 28.7%
S 007 1017 30.8 30.0 2.6% 19.70 13.76 12.93 30.1% 34.4% 30.1% 34.4%
S 008 1020 34.5 33.0 4.3% 15.10 18.04 16.22 -19.4% -7.4% 19.4% 7.4%
S 009 1011 35.2 34.0 3.4% 12.00 18.92 17.42 -57.7% -45.2% 57.7% 45.2%
S 010 1043 36.4 34.5 5.2% 37.00 20.49 18.04 44.6% 51.3% 44.6% 51.3%
M 011 1044 44.3 42.0 5.2% 31.30 32.72 28.81 -4.5% 7.9% 4.5% 7.9%
M 012 0949 54.6 53.5 2.0% 65.60 53.83 51.28 17.9% 21.8% 17.9% 21.8%
M 013 1042 55.1 53.0 3.8% 66.00 55.06 50.15 16.6% 24.0% 16.6% 24.0%
M 014 1037 57.6 56.0 2.8% 44.20 61.14 57.18 -38.3% -29.4% 38.3% 29.4%
M 015 1036 58.3 57.5 1.4% 69.90 62.93 60.89 10.0% 12.9% 10.0% 12.9%
M 016 0959 60.4 59.0 2.3% 85.50 68.46 64.74 19.9% 24.3% 19.9% 24.3%
M 017 0948 66.0 64.5 2.3% 110.30 84.56 80.06 23.3% 27.4% 23.3% 27.4%
M 018 0939 69.0 66.5 3.6% 56.90 94.01 86.10 -65.2% -51.3% 65.2% 51.3%
M 019 0911 81.8 79.5 2.8% 145.30 141.00 131.74 3.0% 9.3% 3.0% 9.3%
M 020 0906 82.6 79.5 3.8% 160.50 144.30 131.74 10.1% 17.9% 10.1% 17.9%
L 021 0974 89.7 90.0 -0.3% 127.50 175.62 177.03 -37.7% -38.8% 37.7% 38.8%
L 022 0935 90.3 87.5 3.1% 283.60 178.44 165.54 37.1% 41.6% 37.1% 41.6%
L 023 0902 92.9 89.5 3.7% 151.20 190.92 174.69 -26.3% -15.5% 26.3% 15.5%
L 024 0931 95.9 94.5 1.5% 149.00 205.93 198.84 -38.2% -33.5% 38.2% 33.5%
L 025 0926 96.7 94.5 2.3% 293.70 210.05 198.84 28.5% 32.3% 28.5% 32.3%
L 026 0922 99.0 97.5 1.5% 200.50 222.15 214.21 -10.8% -6.8% 10.8% 6.8%
L 027 0915 103.4 102.5 0.9% 268.40 246.39 241.31 8.2% 10.1% 8.2% 10.1%
L 028 0908 104.3 102.0 2.2% 320.60 251.53 238.52 21.5% 25.6% 21.5% 25.6%
L 029 0910 105.1 102.0 2.9% 200.90 256.15 238.52 -27.5% -18.7% 27.5% 18.7%
L 030 0924 109.1 105.5 3.3% 293.40 279.98 258.48 4.6% 11.9% 4.6% 11.9%
63.4 61.7 3.0% 108.74 104.54 98.62 -0.2% 6.7% 22.6% 23.3%
13.3 to 43.5
44.2 to 86.9
89.7 to 145.7
APPENDIX C
Earthworm Allometry: Ruler Method Subsample Data
G
ro
u
p
So
rt
e
d
 ID
Im
ag
e
 
(I
M
G
_n
n
n
n
.J
P
G
)
Length AFDM** Error Absolute Error
medium 74
large 30
Average
** ln(AFDM) = 2.382*ln(Length) - 12.45
Group Length Ranges (mm) Group Size
small 56
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Metroparks Field Study: Plot Profile, by Earthworm Species
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1002 1 1 2 3 6 6
1003 1 1 1 2 1 1 2
1004 1 1 1 0
1005 1 0 3 6 1 10
1006 1 1 1 0
1008 1 1 1 2 8 1 11
1009 1 0 0
1010 1 1 19 20 1 1
1011 1 1 1 2 6 27 1 34
1012 1 1 1 4 4
1013 1 2 2 3 3
1014 1 0 0
1015 1 1 1 2 12 3 17
1016 1 2 1 3 2 1 24 27
1017 1 1 1 2 4 6
1018 1 4 4 1 1 2
1019 1 0 3 1 4
1021 1 9 9 1 1
1022 1 1 1 2 7 1 10
1024 1 0 11 2 13
1025 1 3 3 2 21 2 25
1025 2 3 1 2 6 2 9 3 14
1026 1 0 2 2
1028 1 1 1 1 1 1 3
1029 1 0 12 4 1 17
1030 1 2 2 0
1031 1 1 1 2 2
1033 1 0 1 1
1034 1 1 1 14 4 1 19
1035 1 2 2 4 1 1
1038 1 0 0
1039 1 9 9 3 3
1040 1 1 1 2 12 4 6 22
1041 1 6 1 2 9 2 24 1 27
1044 1 16 16 5 5
1045 1 4 4 0
1047 1 1 1 0
1048 1 1 1 0
1050 1 6 1 7 2 7 1 10
1051 1 1 1 1 3 2 2
1053 1 0 0
1054 1 5 5 0
1055 1 1 1 4 1 7 32 1 33
1058 1 5 2 4 11 1 18 2 21
1060 1 7 7 1 1
1063 1 9 7 16 24 28 52
1064 1 5 6 2 13 4 4
1067 1 14 1 15 35 17 52
Juveniles By Species
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Metroparks Field Study: Plot Profile, by Earthworm Species
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Juveniles By Species
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Adults By Species
1068 1 5 5 9 1 10
1070 1 1 1 2 0
1071 1 1 1 0
1072 1 1 1 1 1
1072 2 5 5 2 2
1074 1 0 0
1083 1 1 2 1 4 45 23 1 69
1136 1 0 0
1376 1 0 0
1388 1 1 1 2 6 1 9
3420 1 0 5 5
3484 1 0 0
3596 1 0 3 3
3668 1 2 2 39 17 56
3732 1 0 0
AT01 1 3 1 4 2 1 3
AT02 1 1 1 2 2 2 4
0 32 1 1 24 14 1 0 28 19 0 2 19 82 223 285 0 0 0 9 0 0 306 0 0 29 0 0 0 629Total
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1002 1
1003 1
1004 1
1005 1
1006 1
1008 1
1009 1
1010 1
1011 1
1012 1
1013 1
1014 1
1015 1
1016 1
1017 1
1018 1
1019 1
1021 1
1022 1
1024 1
1025 1
1025 2
1026 1
1028 1
1029 1
1030 1
1031 1
1033 1
1034 1
1035 1
1038 1
1039 1
1040 1
1041 1
1044 1
1045 1
1047 1
1048 1
1050 1
1051 1
1053 1
1054 1
1055 1
1058 1
1060 1
1063 1
1064 1
1067 1
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Metroparks Field Study: Earthworm Site Profiles, By Species
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6 1 2 9 2
1 1 1 1 4 2
1 1 1
3 6 1 10 3
1 1 1
2 1 8 1 12 4
0 0
1 1 19 21 3
6 27 1 1 1 36 3
5 5 1
2 3 5 2
0 0
2 12 1 3 18 3
2 1 24 2 1 30 4
2 4 1 7 2
1 1 4 6 3
3 1 4 2
1 9 10 2
2 7 1 1 11 3
11 2 13 2
2 21 3 2 28 3
2 3 1 9 3 2 20 4
2 2 1
1 1 1 1 4 3
12 4 1 17 3
2 2 1
2 1 3 2
1 1 1
14 4 1 1 20 3
1 2 2 5 2
0 0
3 9 12 2
12 1 4 6 1 24 4
2 6 1 24 2 1 36 5
5 16 21 2
4 4 1
1 1 1
1 1 1
2 6 7 1 1 17 4
1 2 1 1 5 3
0 0
5 5 1
32 1 1 1 4 1 40 4
1 5 18 2 2 4 32 3
1 7 8 2
24 9 28 7 68 2
5 4 6 2 17 3
35 14 17 1 67 2
All By Species
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1068 1
1070 1
1071 1
1072 1
1072 2
1074 1
1083 1
1136 1
1376 1
1388 1
3420 1
3484 1
3596 1
3668 1
3732 1
AT01 1
AT02 1
Total
Metroparks Field Study: Earthworm Site Profiles, By Species
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All By Species
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9 1 5 15 3
1 1 2 2
1 1 1
1 1 2 2
5 2 7 2
0 0
45 1 23 2 1 1 73 4
0 0
0 0
2 1 6 1 10 3
5 5 1
0 0
3 3 1
39 17 2 58 3
0 0
5 1 1 7 2
3 2 1 6 2
285 32 1 1 33 14 1 306 28 19 29 2 19 82 852
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Metroparks Field Study: Plot Profile, by Earthworm Genus
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TO
TA
L
1002 1 3 3 6 6 9 9 1
1003 1 1 1 2 1 1 11 11 2 13 2
1004 1 1 1 0 1 1 1
1005 1 0 3 6 1 10 3 6 1 10 3
1006 1 1 1 0 1 1 1
1008 1 1 1 2 8 1 11 2 1 8 1 12 4
1009 1 0 0 0
1010 1 1 19 20 1 1 1 1 19 21 3
1011 1 1 1 2 6 27 1 34 6 28 2 36 3
1012 1 1 1 4 4 5 5 1
1013 1 2 2 3 3 2 3 5 2
1014 1 0 0 0
1015 1 1 1 2 12 3 17 2 13 3 18 3
1016 1 2 1 3 2 1 24 45 2 1 26 1 48 4
1017 1 1 1 2 4 6 2 5 7 2
1018 1 4 4 1 1 2 1 1 4 6 3
1019 1 0 3 1 4 3 1 4 2
1021 1 9 9 1 1 1 9 10 2
1022 1 1 1 2 7 1 10 2 8 1 11 3
1024 1 0 11 2 13 11 2 13 2
1025 1 3 3 2 21 2 25 2 24 2 28 3
1025 2 3 1 2 6 2 9 3 14 5 1 9 5 20 4
1026 1 0 2 2 2 2 1
1028 1 1 1 1 1 1 3 1 1 2 4 3
1029 1 0 12 4 1 17 12 4 1 17 3
1030 1 2 2 0 2 2 1
1031 1 1 1 2 2 2 1 3 2
1033 1 0 1 1 1 1 1
1034 1 1 1 14 4 1 19 14 4 2 20 3
1035 1 2 2 4 1 10 12 2 14 2
1038 1 0 0 0
1039 1 9 9 3 3 3 9 12 2
1040 1 1 1 2 12 4 6 22 12 1 4 7 24 4
1041 1 6 1 2 9 2 24 1 27 2 6 1 26 1 36 5
1044 1 16 16 5 5 5 16 21 2
1045 1 4 4 0 4 4 1
1047 1 1 1 0 1 1 1
1048 1 1 1 0 1 1 1
1050 1 6 1 7 2 7 1 10 2 6 8 1 17 4
1051 1 1 2 3 2 2 1 4 5 2
1053 1 0 0 0
1054 1 5 5 0 5 5 1
1055 1 1 5 1 7 32 1 42 33 15 1 49 3
1058 1 5 2 4 11 1 18 2 30 15 2 6 41 3
1060 1 7 7 1 1 1 7 8 2
1063 1 9 7 16 24 28 52 33 35 68 2
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Metroparks Field Study: Plot Profile, by Earthworm Genus
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Adults by Genus Juveniles by Genus All by Genus
1064 1 5 6 2 13 4 4 5 1 2 17 3
1067 1 14 1 15 35 17 52 49 18 67 2
1068 1 5 5 9 1 10 9 1 5 15 3
1070 1 1 1 2 0 1 1 2 2
1071 1 1 1 0 1 1 1
1072 1 1 1 1 1 1 1 2 2
1072 2 5 5 2 2 5 2 7 2
1074 1 0 0 0
1083 1 1 3 4 45 23 1 69 46 26 1 73 3
1136 1 0 0 0
1376 1 0 0 0
1388 1 1 1 2 6 1 9 3 6 1 10 3
3420 1 0 5 5 5 5 1
3484 1 0 0 0
3596 1 0 3 3 3 3 1
3668 1 2 2 39 17 56 39 17 2 58 3
3732 1 0 0 0
AT01 1 3 1 4 2 1 3 5 2 7 2
AT02 1 1 1 2 2 2 4 3 3 6 2
34 24 14 1 47 21 82 223 312 9 0 0 333 29 0 683 346 33 14 1 380 50 82 906Total
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Total Sample Total Sample
001 1002 2 1 20-Sep-2010 54.57 45.48 45.57 37.98 16.49%
002 1003 2 1 20-Sep-2010 34.89 34.89 22.96 22.96 34.19%
003 1004 1 1 22-Sep-2010 57.80 57.80 25.56 25.56 55.78%
004 1005 2 1 20-Sep-2010 42.93 42.93 34.25 34.25 20.22%
005 1006 2 1 20-Sep-2010 269.04 186.31 114.41 79.23 57.47%
006 1008 2 1 21-Sep-2010 55.60 55.60 31.57 31.57 43.22%
007 1009 2 1 20-Sep-2010 84.39 84.39 55.76 55.76 33.93%
008 1010 2 1 20-Sep-2010 131.28 100.69 80.80 61.97 38.45%
009 1011 n/a 1 22-Sep-2010 n/a n/a n/a n/a n/a
010 1012 2 1 22-Sep-2010 165.87 99.40 74.76 44.80 54.93%
011 1013 1 1 21-Sep-2010 30.53 30.53 27.24 27.24 10.78%
012 1014 1 1 21-Sep-2010 84.35 84.35 52.68 52.68 37.55%
013 1015 2 1 23-Sep-2010 93.98 93.98 36.97 36.97 60.66%
014 1016 n/a 1 2-Oct-2010 88.98 88.98 33.70 33.70 62.13%
015 1017 2 1 22-Sep-2010 73.65 73.65 62.98 62.98 14.49%
016 1018 2 1 24-Sep-2010 51.68 51.68 36.56 36.56 29.26%
017 1019 2 1 21-Sep-2010 30.63 30.63 27.96 27.96 8.72%
018 1021 2 1 24-Sep-2010 38.86 38.86 25.36 25.36 34.74%
019 1022 2 1 20-Sep-2010 72.89 42.14 56.92 32.91 21.90%
020 1024 1 1 21-Sep-2010 247.00 69.12 170.49 47.71 30.98%
021 1025 2 1 23-Sep-2010 54.92 54.92 25.99 25.99 52.68%
022 1025 2 2 12-Oct-2010 92.17 70.00 61.02 46.34 33.80%
023 1026 2 1 21-Sep-2010 164.08 71.76 127.98 55.97 22.00%
024 1028 2 1 22-Sep-2010 72.45 72.45 35.36 35.36 51.19%
025 1029 2 1 23-Sep-2010 58.49 58.49 23.93 23.93 59.09%
026 1030 4 1 21-Sep-2010 14.09 14.09 11.12 11.12 21.08%
027 1031 n/a 1 22-Sep-2010 170.42 88.94 88.97 46.43 47.80%
028 1033 n/a 1 22-Sep-2010 88.10 88.10 42.90 42.90 51.31%
029 1034 1 1 24-Sep-2010 51.31 51.31 36.15 36.15 29.55%
030 1035 2 1 21-Sep-2010 50.13 50.13 36.04 36.04 28.11%
031 1038 2 1 24-Sep-2010 146.57 75.58 105.19 54.24 28.23%
032 1039 2 1 20-Sep-2010 59.55 59.55 36.46 36.46 38.77%
033 1040 n/a 1 22-Sep-2010 77.93 77.93 49.38 49.38 36.64%
034 1041 2 1 23-Sep-2010 147.65 78.04 81.34 42.99 44.91%
035 1044 n/a 1 30-Sep-2010 22.18 22.18 9.59 9.59 56.76%
036 1045 1 23-Sep-2010 n/a n/a n/a n/a n/a
037 1047 2 1 22-Sep-2010 91.26 91.26 43.02 43.02 52.86%
038 1048 2 1 13-Oct-2010 149.80 70.83 86.46 40.88 42.28%
039 1050 2 1 5-Oct-2010 393.54 393.54 118.42 118.42 69.91%
040 1051 2 1 5-Oct-2010 128.88 128.88 37.78 37.78 70.69%
041 1053 2 1 24-Sep-2010 48.94 48.94 39.06 39.06 20.19%
042 1054 2 1 5-Oct-2010 41.01 41.01 11.84 11.84 71.13%
043 1055 2 1 15-Oct-2010 112.89 112.89 46.52 46.52 58.79%
044 1058 9 1 5-Oct-2010 211.78 211.78 57.07 57.07 73.05%
045 1060 n/a 1 30-Sep-2010 228.38 228.38 86.52 86.52 62.12%
046 1063 n/a 1 13-Oct-2010 n/a n/a n/a n/a n/a
APPENDIX H
Metroparks Field Study: Litter Data
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Metroparks Field Study: Litter Data
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047 1064 n/a 1 13-Oct-2010 n/a n/a n/a n/a n/a
048 1067 n/a 1 15-Oct-2010 274.81 197.02 54.25 38.89 80.26%
049 1068 2 1 13-Oct-2010 69.64 69.64 55.02 55.02 20.99%
050 1070 2 1 14-Oct-2010 155.11 155.11 52.13 52.13 66.39%
051 1071 2 1 14-Oct-2010 78.97 78.97 24.33 24.33 69.19%
052 1072 2 1 21-Sep-2010 46.06 46.06 40.57 40.57 11.92%
053 1072 2 2 7-Oct-2010 173.21 173.21 74.74 74.74 56.85%
054 1074 1 1 14-Oct-2010 10.99 10.99 5.21 5.21 52.59%
055 1083 2 1 14-Oct-2010 111.23 111.23 50.00 50.00 55.05%
056 1136 2 1 12-Oct-2010 131.19 131.19 96.46 96.46 26.47%
057 1376 9 1 7-Oct-2010 196.68 196.68 90.48 90.48 54.00%
058 1388 2 1 7-Oct-2010 202.77 202.77 102.25 102.25 49.57%
059 3420 1 1 7-Oct-2010 190.61 190.61 82.36 82.36 56.79%
060 3484 2 1 7-Oct-2010 241.53 96.15 101.71 40.49 57.89%
061 3596 2 1 7-Oct-2010 190.12 190.12 72.56 72.56 61.83%
062 3668 2 1 7-Oct-2010 41.46 41.46 22.15 22.15 46.58%
063 3732 1 1 7-Oct-2010 69.30 69.30 29.79 29.79 57.01%
064 AT01 8 1 24-Sep-2010 99.02 57.40 93.09 53.96 5.99%
065 AT02 n/a 1 24-Sep-2010 n/a n/a n/a n/a n/a
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a) Earthworm Abundance vs.  Plant Community Metrics.
(m
-2
) r P r P r P r P
Aporrectodea -0.29 0.03 -0.37 0.01 0.25 0.07 0.21 0.13
Dendrobaena -0.02 0.92 0.18 0.20 -0.14 0.32 -0.10 0.47
Dendrodrilus -0.18 0.20 0.10 0.47 -0.09 0.51 0.12 0.37
Eisenia 0.14 0.30 0.07 0.59 -0.09 0.54 0.05 0.75
Lumbricus -0.24 0.09 -0.06 0.65 0.19 0.17 0.12 0.39
Octolasion 0.01 0.95 -0.22 0.11 0.19 0.18 0.29 0.03
Amynthas 0.13 0.37 -0.09 0.53 -0.16 0.25 0.17 0.23
N=54
b) Earthworm Biomass by Genus vs.  Plant Community Metrics.
(m
-2
) r P r P r P r P
Aporrectodea -0.30 0.02 -0.40 0.003 0.30 0.03 0.22 0.11
Dendrobaena -0.04 0.80 0.21 0.13 -0.17 0.23 -0.12 0.38
Dendrodrilus 0.17 0.23 0.09 0.51 -0.07 0.61 0.21 0.12
Eisenia 0.14 0.30 0.07 0.59 -0.09 0.54 0.05 0.75
Lumbricus -0.28 0.04 0.02 0.86 0.21 0.14 0.06 0.69
Octolasion 0.03 0.82 -0.12 0.38 0.23 0.09 0.17 0.24
Amynthas 0.14 0.30 -0.06 0.67 -0.17 0.22 -0.18 0.21
N=54
c) Earthworm Biomass by Ecological Group vs.  Plant Community Metrics.
(mg/m-2) r P r P r P r P
Epigeic -0.31 0.02 -0.26 0.06 0.18 0.18 0.18 0.21
Endogeic -0.26 0.06 0.04 0.77 0.18 0.19 0.11 0.44
Anecic 0.14 0.30 -0.06 0.67 -0.17 0.22 -0.18 0.21
N=54
FQAI Sensitive Plants  Tolerant Bare 
APPENDIX I
Earthworm Community - Plant Community Interactions
The following are Pearson correlations that yielded relationships of interest.
Abundances and biomasses are natural log transformed; FQAI, percent sensitive plants, tolerant plants, 
and bare ground are arcsine-square root transformed.
FQAI
Sensitive Plants  
(%)
Tolerant 
Plants (%)
Bare 
Ground (%)
FQAI Sensitive Plants  Tolerant Bare 
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Earthworm Community - Invertebrate Community / Litter Interactions
a1) Earthworm Abundance vs.  Invertebrate Community Metrics.
(m-2) r P r P r P
Aporrectodea -0.08 0.55 -0.19 0.17 -0.09 0.53
Dendrobaena -0.07 0.59 0.04 0.79 0.30 0.03
Dendrodrilus 0.17 0.21 0.03 0.86 -0.03 0.84
Eisenia 0.11 0.44 0.06 0.66 -0.05 0.72
Lumbricus -0.14 0.33 0.07 0.63 0.001 0.99
Octolasion -0.16 0.25 0.10 0.46 -0.05 0.74
Amynthas 0.11 0.42 -0.05 0.70 -0.003 0.98
ALL Genera -0.13 0.33 -0.02 0.86 0.02 0.88
N=58
a2) Earthworm Abundance vs.  Invertebrate Community Metrics.
(m-2) r P r P r P r P r P
Aporrectodea -0.21 0.14 -0.03 0.81 0.04 0.77 0.05 0.74 0.00 0.99
Dendrobaena 0.10 0.47 -0.15 0.29 -0.05 0.73 -0.003 0.99 -0.19 0.17
Dendrodrilus -0.01 0.94 0.11 0.44 0.19 0.16 -0.12 0.37 0.44 0.001
Eisenia -0.14 0.33 0.03 0.83 0.16 0.25 -0.21 0.12 0.34 0.01
Lumbricus -0.09 0.53 -0.15 0.27 -0.02 0.91 -0.05 0.73 0.23 0.10
Octolasion -0.19 0.18 -0.14 0.31 -0.12 0.39 0.03 0.86 0.08 0.55
Amynthas 0.04 0.80 0.06 0.68 0.16 0.26 -0.08 0.59 0.05 0.73
ALL Genera -0.13 0.34 -0.15 0.27 0.05 0.70 -0.02 0.91 0.16 0.24
N=58
The following are Pearson correlations that yielded relationships of interest.
Abundance 
(m-2) Evenness
Dry Litter 
Mass 
(mg/m2)
Araneae  (m-2)
Acari            
(m-2)
Collembola 
(m-2)
Coleoptera     
(m-2)
Hymenoptera 
(m-2)
APPENDIX J
Abundances and biomasses are natural log transformed.
Evenness is arcsine-square root transformed.
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Earthworm Community - Invertebrate Community / Litter Interactions
b1) Earthworm Biomass by Genus vs.  Invertebrate Community Metrics.
(m-2) r P r P r P
Aporrectodea 0.06 0.67 0.13 0.340 -0.04 0.76
Dendrobaena 0.08 0.55 0.01 0.92 0.18 0.19
Dendrodrilus 0.20 0.13 -0.11 0.41 0.11 0.41
Eisenia 0.13 0.33 0.03 0.85 0.11 0.43
Lumbricus -0.01 0.94 0.20 0.14 0.06 0.67
Octolasion -0.08 0.54 0.16 0.23 -0.26 0.05
Amynthas 0.07 0.59 0.10 0.450 -0.25 0.05
ALL Genera 0.09 0.51 0.27 0.04 -0.17 0.19
N=58
b2) Earthworm Biomass by Genus vs.  Invertebrate Community Metrics.
(m-2) r P r P r P r P r P
Aporrectodea -0.004 0.98 0.08 0.53 -0.01 0.94 0.19 0.16 -0.02 0.87
Dendrobaena 0.18 0.18 0.09 0.51 0.04 0.77 0.08 0.57 -0.03 0.82
Dendrodrilus 0.17 0.22 0.21 0.12 0.03 0.83 0.25 0.06 0.25 0.06
Eisenia 0.21 0.11 0.01 0.47 0.11 0.42 0.17 0.20 0.31 0.02
Lumbricus -0.06 0.63 0.03 0.80 -0.07 0.60 0.26 0.05 -0.03 0.84
Octolasion -0.04 0.78 -0.04 0.79 -0.05 0.69 0.21 0.12 -0.17 0.20
Amynthas 0.01 0.94 -0.05 0.70 0.26 0.05 -0.15 0.26 0.19 0.16
ALL Genera -0.001 0.99 0.06 0.68 0.09 0.50 0.21 0.11 0.11 0.44
N=58
Collembola 
(m-2)
Coleoptera     
(m-2)
Hymenoptera 
(m-2)
Abundance 
(m-2) Evenness
Dry Litter 
Mass 
(mg/m2)
Araneae       
(m-2)
Acari            
(m-2)
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Earthworm Community - Invertebrate Community / Litter Interactions
c1) Earthworm Biomass by Ecological Group vs.  Invertebrate Community Metrics.
(AFDM mg/m-2) r P r P r P
Epigeic 0.10 0.44 0.13 0.34 0.04 0.75
Endogeic -0.02 0.91 0.19 0.15 0.003 0.98
Anecic 0.07 0.59 0.10 0.45 -0.25 0.05
N=58
c2) Earthworm Biomass by Ecological Group vs.  Invertebrate Community Metrics.
(AFDM mg/m-2) r P r P r P r P r P
Epigeic 0.07 0.59 0.14 0.31 -0.001 0.99 0.23 0.09 0.04 0.79
Endogeic -0.06 0.64 0.05 0.72 -0.01 0.48 0.31 0.02 -0.05 0.74
Anecic 0.01 0.94 -0.05 0.70 0.26 0.05 -0.15 0.26 0.19 0.16
N=58
d) Invertebrate Abundance (m
-2
) vs.  Dry Litter Mass (g/m
2
)
(r=0.39, P=0.002)
Coleoptera     
(m-2)
Hymenoptera 
(m-2)
Abundance 
(m-2) Evenness
Dry Litter 
Mass 
(mg/m2)
Araneae         
(m-2)
Acari            
(m-2)
Collembola 
(m-2)
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a) Earthworm Interactions for Abundance by Genus.
(m-2) r P r P r P r P r P r P
Aporrectodea
Dendrobaena -0.25 0.06
Dendrodrilus -0.10 0.46 -0.12 0.38
Eisenia 0.01 0.97 -0.06 0.66 0.68* <0.001
Lumbricus 0.52 <0.001 0.003 0.98 0.19 0.18 0.21 0.13
Octolasion 0.36 0.01 -0.15 0.29 -0.07 0.60 0.04 0.76 0.48 <0.001
Amynthas -0.15 0.29 -0.22 0.11 0.09 0.50 -0.07 0.63 -0.47 <0.001 -0.37 0.01
N=54
* This is an artifact of the statistical program: it is not possible to produce a correlation with a single data point (Eisenia, N=1).
b) Earthworm Interactions for Biomass by Genus.
(AFDM mg/m2) r P r P r P r P r P r P
Aporrectodea
Dendrobaena -0.22 0.11
Dendrodrilus -0.12 0.38 -0.14 0.33
Eisenia -0.01 0.95 -0.06 0.66 0.49* <0.001
Lumbricus 0.46 0.001 0.170 0.23 0.03 0.86 0.09 0.51
Octolasion 0.30 0.03 -0.13 0.35 -0.16 0.25 -0.13 0.37 0.35 0.01
Amynthas -0.19 0.16 -0.24 0.09 0.11 0.43 -0.07 0.61 -0.56 <0.001 -0.41 0.002
N=54
* This is an artifact of the statistical program: it is not possible to produce a correlation with a single data point (Eisenia, N=1).
c) Earthworm Interactions for Biomass by Ecological Group.
(AFDM mg/m2) r P r P
Epigeic
Endogeic 0.48 <0.001
Anecic -0.24 0.08 -0.64 <0.001
N=54
d) T-tests between Plots with and without Dendrobaena by Abundance.
Genus*
Aporrectodea
Dendrodrilus
Lumbricus
Octolasion
Amynthas
D
en
d
ro
b
ae
n
a
O
th
er
 G
en
er
a
*Eisenia  (N=1) excluded from analysis due to insufficient representation.
N = 12 42
<0.001
P
0.16
0.05
0.82
0.90
APPENDIX K
Aporrect. 
(AFDM mg/m2)
Dendrob. 
(AFDM 
mg/m2)
Dendrodrilus 
(AFDM mg/m2)
Eisenia            
(AFDM 
mg/m2)
Lumbricus      
(AFDM mg/m2)
Octolasion     
(AFDM 
mg/m2)
Aporrectodea 
(m-2)
Dendrobaena 
(m-2)
Dendrodrilus 
(m-2)
Eisenia            
(m-2)
Lumbricus      (m-
2)
Octolasion     
(m-2)
Epigeic 
(AFDM 
mg/m2)
End gei  
(AFDM 
mg/m2)
Earthworm Community - Earthworm Community Interactions
The following are Pearson correlations that yielded relationships of interest.
Abundances and biomasses are natural log transformed.
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a1) Earthworm Biomass by Genus vs.  Soil Parameters 1.
(m-2) r P r P r P r P
Aporrectodea 0.23 0.09 -0.33 0.01 -0.23 0.09 0.17 0.22
Dendrobaena 0.34 0.01 0.26 0.06 0.35 0.01 -0.42 0.002
Dendrodrilus 0.07 0.64 0.14 0.32 0.02 0.87 -0.10 0.49
Eisenia 0.05 0.71 0.08 0.56 0.02 0.86 0.12 0.41
Lumbricus -0.27 0.05 -0.41 0.002 -0.11 0.42 -0.20 0.15
Octolasion -0.15 0.27 -0.17 0.21 -0.13 0.36 0.09 0.52
Amynthas -0.06 0.69 0.09 0.53 -0.13 0.36 0.13 0.36
N=54
a2) Earthworm Biomass by Genus vs.  Soil Parameters 2.
(m-2) r P r P r P r P r P
Aporrectodea -0.24 0.09 0.06 0.68 -0.04 0.75 0.05 0.71 0.03 0.83
Dendrobaena -0.01 0.97 -0.09 0.52 -0.09 0.54 -0.36 0.01 -0.44 0.001
Dendrodrilus -0.12 0.38 -0.05 0.72 -0.13 0.36 -0.05 0.75 -0.001 0.99
Eisenia -0.09 0.50 0.06 0.67 0.01 0.95 0.14 0.31 0.16 0.25
Lumbricus -0.27 0.05 -0.17 0.23 -0.15 0.28 -0.26 0.06 -0.35 0.01
Octolasion -0.19 0.18 -0.06 0.65 0.09 0.53 0.13 0.35 0.08 0.59
Amynthas 0.17 0.23 0.13 0.36 -0.11 0.44 0.15 0.27 0.26 0.05
N=54
APPENDIX L
Total               
Carbon      (%)
Total 
Nitrogen (%)
Organic 
Matter       
(%) pH
Earthworm Community - Soil Community Interactions
The following are Pearson correlations that yielded relationships of interest.
Biomasses and ppm quantities are natural log transformed.
Percentages are arcsine-square root transformed.
Calcium (ppm)
Phosphorus, 
P1         (ppm)
Phosphorus, 
P2         (ppm)
Potassium 
(ppm)
Magnesium 
(ppm)
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b1) Earthworm Biomass by Ecological Group vs.  Soil Parameters 1.
(m-2) r P r P r P r P
Epigeic -0.34 0.01 -0.36 0.01 -0.24 0.08 -0.05 0.71
Endogeic -0.20 0.15 -0.28 0.04 -0.21 0.13 0.16 0.26
Anecic -0.16 0.25 -0.19 0.18 -0.14 0.30 -0.14 0.33
N=54
b2) Earthworm Biomass by Ecological Group vs.  Soil Parameters 2.
(m-2) r P r P r P r P r P
Epigeic -0.18 0.21 -0.04 0.78 -0.23 0.10 -0.08 0.59 -0.10 0.50
Endogeic -0.27 0.05 -0.05 0.73 -0.04 0.76 0.10 0.50 0.06 0.67
Anecic -0.06 0.69 -0.13 0.36 -0.05 0.70 -0.16 0.24 0.21 0.13
N=54
Total Carbon (%)
Total Nitrogen (%)
Organic Matter (%)
pH
Phosphorus,               
Bray-P1 (ppm)
Phosphorus,               
Bray-P2 (ppm)
Calcium (ppm)
Magnesium (ppm)
Potassium (ppm)
Ea
rt
h
w
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rm
s
N
o
 E
ar
th
w
o
rm
s
A
m
yn
th
as
O
th
er
 G
en
er
a
N = 54 9 12 42
Total               
Carbon      (%)
Total 
Nitrogen (%)
Organic 
Matter       
(%) pH
Phosphorus, 
P1         (ppm)
Phosphorus, 
P2         (ppm)
Potassium 
(ppm)
Magnesium 
(ppm) Calcium (ppm)
Pa Pb
0.40 0.54
c) Soil Chemistry Comparisons between: 
     Pa, plots with and without earthworms and
     Pb, plots with Amynthas and plot with earthworms other than Amynthas.
Earthworm Community - Soil Community Interactions
0.92 0.77
0.08 0.51
0.17 0.58
0.98 0.19
0.89 0.67 d) T-test between Plots with Dendrobaena
     and those with Other Genera by Soil pH.
P < 0.001
0.92 0.73
0.10 0.25
0.01 0.45
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Metroparks Field Study: Invertebrate  Raw Data
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Metroparks Field Study: Invertebrate  Raw Data
TOTAL
x Aporrectodea calignosa Lumbricidae endogeic none pink nose or tail closely ventral
Aporrectodea tuberculata Lumbricidae endogeic none pink nose or tail closely ventral
Aporrectodea trapezoides Lumbricidae endogeic none pink nose or tail closely ventral
x Aporrectodea longa Lumbricidae endogeic may have light head pigmentation closely ventral
x Aporrectodea rosea Lumbricidae endogeic none very pink nose or tail closely ventral
Allolobophora chlorotica Lumbricidae endogeic none distinct greenish closely ventral
x Octolasion tyrtaeum Lumbricidae endogeic none grey, blue, or pink widely circumf.
x Octolasion cyaneum Lumbricidae endogeic none widely circumf.
x Dendrobaena octaedra Lumbricidae epigeic strongly: red to dark brown separate circumf.
x Dendrodrilus rubidus Lumbricidae epigeic
moderate: red to dark brown; less 
on tail
widely circumf.
x Lumbricus terrestris Lumbricidae anecic
strongly red-brown back; pale 
yellow, purple irrid belly
closely ventral
x Lumbricus rubellus Lumbricidae epi-endogeic
strongly red-brown back; pale 
yellow, purple irrid belly
closely ventral
x Eisenia fetida Lumbricidae epigeic strongly red on back
yellow bands between 
segments
closely ventral
Eiseniella tetraedra Lumbricidae epigeic
strongly dark brown back; golden 
yellow belly
closely ventral
Eiseniella eiseni Lumbricidae epigeic
strongly red-brown on back; less on 
belly
closely ventral
x Amynthas spp. Megascolecidae epi-endogeic
light or dark; no contrast between 
back & belly
bristle circumf.
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x Aporrectodea calignosa M G T TG T G
Aporrectodea tuberculata M T T T
Aporrectodea trapezoides M G G T TG TG TG
x Aporrectodea longa m M m T T T T TG T TG TG
x Aporrectodea rosea very flared M T T T
Allolobophora chlorotica M T T T
x Octolasion tyrtaeum M T T T T
x Octolasion cyaneum M T T T T
x Dendrobaena octaedra m T T T
x Dendrodrilus rubidus usually M t T T T T T t
x Lumbricus terrestris m M m T T T T
x Lumbricus rubellus m T T T T
x Eisenia fetida M G G G tG TG TG TG tG G
Eiseniella tetraedra M T T T t
Eiseniella eiseni
x Amynthas spp.
smooth, 
annular
…
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Clitellum
x Aporrectodea calignosa notched, adult alt seg only epilobic 09 15
Aporrectodea tuberculata notched, adult alt & cons segs epilobic 09 15
Aporrectodea trapezoides unnotched alt & cons segs epilobic 08 14 common & widely dist. endogeic
Angle Worm, 
Canadian Gray 
Worm
x Aporrectodea longa elliptical alt & cons segs epilobic 09 15
common in agriculture; less 
common in forests
Black Head Worm
x Aporrectodea rosea elliptical not pres epilobic 02 05 08
less common than other species 
in genus
Rose Worm
Allolobophora chlorotica
button or 
suckerlike discs
maybe epilobic 03 07
less common than Aporrectodea 
& Octolasion
Swamp Worm, 
Green Worm
prefers wet or 
swampy conditions
x Octolasion tyrtaeum
linear, oval; 
contrasts clitellum
maybe epilobic 03 07 18
much less common than 
Aporrectodea; patchy
clitellum may be 
orange, red, or yellow
x Octolasion cyaneum
puckered appear; 
contrasts
maybe epilobic 03 07 18 less common than O. tyrtaeum
clitellum is usually 
yellowish or beige
x Dendrobaena octaedra linear, threadlike not pres epilobic 01 03 06
most common & widespread 
species in world
Small Leaf Worm
x Dendrodrilus rubidus
small ovals, 
ventral edge, if; 29-
30
not pres epilobic 02 05 09
much less common than D. 
octaedra
Small Litter Worm
x Lumbricus terrestris broadly oval maybe tanylobic 09 15 30 very common in N. America Night Crawler flattened tail
x Lumbricus rubellus
broadly oval to 
slightly notched
maybe tanylobic 05 10 15 extremely common Beaver Tail flattened tail
x Eisenia fetida linear oval if present epilobic 03 13 not found in natural habitats
Red Wriggler, 
Compost Worm
Eiseniella tetraedra typically broad not usu pres epilobic 02 06 uncommon
Small Brown-nosed 
Litter Worm
Eiseniella eiseni not pres maybe epilobic 03 06 uncommon Brown Litter Worm
x Amynthas spp. not pres not pres 04 20 increasing Alabama Jumpers
nose and tail are 
more pointed
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A. calignosa 
complex
Field Worm
most common & widely dist. 
endogeic
Prevalence
